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Brown  eggs  have  a significant  share  of  the  world  market.  They 
are  preferred  in  countries  such  as  China,  France,  Spain,  Korea, 
Australia,  and  the  United  Kingdom;  and  their  market  share  is  on 
the  rise.  Although  shell  color  is  independent  of  the  egg's 
composition,  consumers  in  many  parts  of  the  world  are  willing  to 
pay  more  for  brown  eggs.  Shell  color  is  affected  by  factors  such 
as  genetics,  disease  or  other  sources  of  stress,  and  hens'  age. 
Vanadium  may  be  introduced  into  poultry  diets  in  poor  quality 
phosphate  supplements.  The  objectives  of  this  study  were  to 
quantify  the  changes  in  eggshell  color  with  hens' age  and  dietary 
vanadium  using  machine  vision;  and  to  measure  the  albumen  quality 
and  foaming  properties  of  eggs  from  hens  fed  diets  containing 
different  concentrations  of  supplemental  vanadium. 

Eggs  from  commercial  egg-type  layers  were  collected  on  three 
consecutive  days,  every  month,  for  9 months.  A machine  vision 
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system  coupled  with  color  analysis  software  was  used  to  obtain 
the  L*a*b*  values  of  each  eggshell.  Lightness  (L*)  increased  and 
redness  (a*)  decreased  with  time;  the  changes  in  yellowness  (b*) 
were  not  substantial.  The  L*a*b*  values  adjusted  for  the  increase 
in  egg  size  with  hens'  age  were  found  to  be  practically  constant 
in  time,  providing  quantitative  support  for  the  hypothesis  that 
eggs  from  older  hens  are  paler. 

Dietary  supplemental  vanadium  (15-100  ppm)  also  increased  L* 
and  decreased  a*,  with  no  change  in  b*.  Foam  stability  and  Haugh 
units  decreased  significantly  due  to  vanadium  (30-100  ppm)  . 
Eggshell  color  and  foam  stability,  but  not  Haugh  units,  benefited 
from  Vitamin  C supplemented  at  100  ppm  to  the  vanadium  (15-30 
ppm)  diets  after  vanadium  toxicosis  had  developed.  Vitamin  E (100 
lU)  or  p-carotene  (100  ppm)  did  not  alleviate  any  of  the  already 
established  effects  of  vanadium  (15-30  ppm) . 500  lU  Vitamin  E or 
500  ppm  p-carotene  or  a mixture  of  100  ppm  Vitamin  C,  100  ppm  p- 
carotene  and  100  lU  Vitamin  E added  to  diets  simultaneously  with 
15  ppm  vanadium  prevented  any  change  in  eggshell  color. 

The  alleviating  effects  of  any  supplement  are  important  for 
those  conditions  under  which  it  would  be  economical  to  use 
phosphate  sources  containing  high  levels  of  vanadium. 
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CHAPTER  1 
INTRODUCTION 

Eggs  are  inexpensive  sources  of  high-quality  protein.  For 
less  than  10  cents  each,  they  provide  all  the  essential  amino 
acids.  In  addition  to  being  an  excellent  source  of  high-quality 
protein,  an  egg  also  contains  many  vitamins  (but  not  vitamin  C) 
and  essential  minerals  (USDA  2000) . 

Shell  Eggs  in  the  United  States  and  the  World 
World  production  of  eggs  for  2002  has  been  reported  as 
58,102,295  metric  tons.  China,  United  States  of  America,  Japan, 
Russia,  India,  Mexico,  Brazil  and  France  accounted  for  69.5%  of 
the  total  production  (FAO  2003) . 

In  the  United  States,  73.18  billion  table  eggs  were  produced 
in  2002.  Of  this  amount,  30.6%  was  further  processed,  and  the 
rest  was  utilized  as  shell  eggs  (American  Egg  Board  2003) . Iowa, 
Ohio,  Pennsylvania,  Indiana  and  California  are  the  five  largest 
producers  of  eggs,  producing  about  50%  of  all  eggs.  Florida  is 
10"^^  on  the  top  producing  states'  list. 

Egg  consumption  in  the  States  has  been  increasing  since  the 
early  1990s,  possibly  as  the  consumers  heard  "the  good  news  about 
eggs  and  cholesterol"  (American  Egg  Board  2003)  . 

Brown  Eggs  and  the  Importance  of  Eggshell  Color 
Shell  color  is  due  to  the  pigments  deposited  mostly  within 
the  cuticle  layer.  Brown  eggs  dominate  the  markets  in  countries 
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such  as  China,  United  Kingdom,  France,  Spain,  Portugal,  Italy, 
Korea,  Australia  and  New  Zealand  (lEC  2001) . In  the  United 
States,  the  New  England  region  is  where  brown  eggs  are  preferred 
over  white  eggs.  Although  shell  color  is  irrelevant  to  the 
composition  of  the  egg,  consumers  in  some  parts  of  the  world  are 
willing  to  pay  more  for  brown  eggs  (Solomon  1992) . In  the  United 
Kingdom,  for  example,  there  is  a marlced  consumer  preference  for 
dark  brown  shells.  Compared  to  the  slightly  paler  eggs,  dark 
brown  eggs  are  sold  for  considerably  higher  prices  (Cook  1986) . 

It  has  been  reported  that  more  and  more  consumers,  especially  in 
Europe,  are  demanding  brown  eggs.  Often,  this  demand  is  for 
evenness  rather  than  depth  of  color  (Overfield  1996) . Brown  egg 
layers  are  calmer  birds  compared  to  white  layers.  As  a result, 
they  are  more  suitable  for  free  ranges  than  the  white  birds, 
which  are  too  wild  to  be  kept  in  aviary  or  free-range  houses 
(Anonymous  1994) . In  this  age  of  environment,  health  and  animal- 
welfare  concerns,  this  gives  the  brown  layer  an  advantage  over 
the  white  hens . 

Shell  color  is  affected  by  a number  of  factors  such  as 
genetics,  disease  or  other  sources  of  stress,  hens'  age  and  the 
use  of  an  antiparasitic  drug  (Nicarbazin) . As  the  hen  ages, 
larger  eggs  are  laid  with  little  or  no  change  in  the  capacity  to 
produce  the  pigments.  The  result  is  paler  eggs.  However, 
systematic  studies  of  eggshell  color  as  affected  by  these  factors 
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Vemadium:  Its  Occurrence  in  Feed  and  Its  Effects  on  Egg  Quality 

Vanadium  can  be  inadvertently  introduced  into  the  hens'  diet 
through  the  mineral  supplements  obtained  from  rock  phosphate 
deposits.  These  deposits  are  known  to  contain  vanadium  at  various 
concentrations,  the  highest  reported  as  6000  ppm  (Romoser  and 
others  1960) . Two  studies  on  commercial  feed  phosphates  revealed 
vanadium  concentrations  between  2 and  195  ppm  (Sullivan  and 
others  1994;  Lima  and  others  1995) . The  maximum  tolerance  level 
of  vanadium  in  the  poultry  diets  has  been  reported  as  10  ppm 
(Henry  and  Miles  2001) . High  dietary  concentrations  in  excess  of 
5 ppm  vanadium  has  been  shown  to  be  detrimental  to  egg 
production,  interior  quality  (albumen  height) , body  and  egg 
weight,  and  feed  consumption  (Sell  and  others  1982,  Eyal  and 
Moran  1984,  Toussant  and  others  1995,  Bressman  and  others  2002) . 

Additives  to  alleviate  the  detrimental  effects  of  vanadium 
would  be  beneficial  for  those  conditions  under  which  it  would  be 
economical  to  use  phosphate  sources  containing  high  levels  of 
vanadium.  Ascorbic  acid,  EDTA,  and  chromium  are  among  the 
supplements  tested  for  this  effect  (Hathcock  and  others  1964, 
Benabdel jelil  and  Jensen  1990,  Toussant  and  Latshaw  1994) . 

Machine  Vision  as  eun  Alternative  Tool  in  Color  Analysis 

Machine  vision  is  a branch  of  artificial  intelligence  that 
deals  with  simulating  human  vision.  A digital  image  is  made  up  of 
pixels  that  carry  the  color  information  of  an  object  in  the 
image.  The  number  of  sensing  elements  in  the  camera  that  captures 
the  images  is  one  of  the  major  advantages  of  machine  vision  over 
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conventional  colorimetry  (Ling  and  others  1996) . As  opposed  to  3 
signals  in  colorimeters  and  a maximum  of  471  (one  for  every 
nanometer  between  360  and  830  nm  of  wavelength)  in 
spectrophotometers  (Berns  2000),  there  are  240,000  or  more 
sensing  elements  in  CCD  cameras  (Ling  and  others  1996) . The 
resulting  high  spatial  resolution  enables  machine  vision  systems 
to  isolate  and  specify  appearance  features  such  as  color  pattern, 
gloss,  and  surface  texture  attributes  not  delivered  by 
conventional  instruments  (Hutchings  1999)  . Because  of  their  low 
spatial  resolution,  it  is  impractical  to  collect  large  numbers  of 
samples  with  these  conventional  instruments.  As  a result,  these 
systems  are  not  suitable  for  samples  with  nonuniform  colors  and 
irregular  surfaces.  Sample  preparation  such  as  slicing,  grinding, 
pureeing,  powder  sizing,  compressing,  or  extracting,  necessary  to 
obtain  uniform  samples  in  these  situations  must  be  carried  out 
with  great  consistency.  Moreover,  some  preparation  methods  are 
not  suitable  for  many  foods  such  as  peas  and  cooked  meat  that  are 
colored  differently  inside  and  outside.  For  foods  with  uneven 
colors,  estimation  of  areas  of  each  color  to  measure  each  area 
separately  has  been  recommended  (Hutchings  1999) . However,  such 
approaches  are  rather  time  cons\iming;  and  introduce  unpredictable 
errors  with  traditional  colorimeters.  In  addition,  measurements 
with  conventional  instruments  are  performed  in  tightly  controlled 
illumination  chambers  where  averaged  spectral  data  of  the  sampled 
area  only  can  be  collected.  Therefore,  colorimeters  do  not 
actually  measure  what  humans  see  in  color  of  objects  (Ling  and 
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others  1996)  . For  all  these  reasons,  color  machine  vision,  which 

is  a noncontact,  nondestructive  method  of  color  measurement,  has 

a huge  potential  for  food  industry  applications  (Hutchings  1999) . 

Objectives 

The  objectives  of  this  research  were  as  follows: 

1.  To  measure  and  quantify  the  changes  in  the  shell  color  of 
eggs  from  commercial  brown  egg  layers  during  the  first  ten 
months  of  production  using  color  machine  vision 

2.  To  determine  if  vanadium  has  effects  on  shell  pigmentation  of 
eggs  obtained  from  brown  egg  layers 

3.  To  measure  changes  in  eggshell  color  as  a result  of 
supplementing  dietary  vanadium  concentrations  of  100,  50,  30 
and  15  ppm 

4.  To  measure  changes  in  Haugh  units  caused  by  these  levels  of 
vanadium 

5.  To  test  different  vitamin  supplements  for  their  ability  to 
reverse  the  changes  in  eggshell  pigmentation 

6.  To  determine  if  there  are  any  effects  of  dietary  vanadium  on 
the  foaming  properties  of  the  eggs 

7.  To  test  if  any  detrimental  effect  of  vanadium  on  foaming 
properties  can  be  reversed  by  the  supplementation  of  diets 
with  vitamins. 


CHAPTER  2 
LITERATURE  REVIEW 

Food  Color,  Its  Importance  and  Measurement 

Color  of  food  is  a major  component  of  its  appearance;  and 
therefore  is  an  important  contributor  to  its  quality  perceived  by 
the  consumer  in  the  marketplace.  When  the  consumer  evaluates  the 
ripeness,  freshness,  and  wholesomeness  of  the  food  before 
purchasing,  color  serves  as  the  primary  criterion  of  acceptance 
or  rejection.  Color  is  also  involved  in  standardization  of  the 
product  since  widely  variable  colors  in  a given  brand  would  cause 
suspicion  (Clydesdale  1998) . 

At  a seminar  organized  by  the  Color  Society  of  Australia,  a 
meal  consisting  of  white  foods  for  soup,  main  course  and  dessert 
was  served.  Many  of  the  diners  were  reported  to  have  felt  very 
uncomfortable  during  the  meal  because  they  had  to  choose  between 
identifying  the  food  and  talking  to  other  participants.  Others 
found  the  occasion  boring  because  of  lack  of  color.  The  chef 
stated  that  it  was  the  most  depressing  meal  he  had  ever  created 
(Hutchings  1999) . Another  example  of  food  color  associations  in 
the  adult  world  was  cited  by  Kostyla  and  Clydesdale  (1978) : in  an 
experimental  setup  of  lighting  conditions  that  masked  the  colors 
of  foods,  diners  were  asked  to  eat  a meal  consisting  of  steak, 
fries  and  peas.  When  the  color-masking  light  was  turned  off,  the 
subjects  saw  the  blue  steaks,  red  peas  and  green  fries  they  had 
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been  eating  and  many  of  them  became  violently  sick  because  of 
these  "revolting"  and  "unnatural"  colors.  It  was  suggested  that 
if  there  had  been  children  among  the  subjects,  their  reactions 
would  not  be  as  dramatic  owing  to  a lesser  time  to  develop  color 
associations . 

Eggshell  color  is  another  example  of  food  color  preferences. 
In  the  United  States,  northern  New  England  is  the  only  region 
where  brown  eggs  are  preferred  over  white  eggs,  except  on  Easter 
when  white  egg  sales  increases  (Kostyla  and  Clydesdale  1978) . In 
other  countries,  such  as  England  and  France,  brown  is  the 
dominant  shell  color. 

Representation  of  Color 

Any  color  can  be  described  as  a point  in  a 3-dimensional 
space,  known  as  a color  solid  (Clydesdale  1978) . One  of  the 
earliest  color  solids  was  developed  by  A.H.  Munsell  in  the  early 
1900s  (Francis  and  Clydesdale  1975) . In  the  Munsell  system,  the 
three  dimensions  are  hue,  value  and  chroma.  The  solid  is  arranged 
such  that  the  vertical  axis  is  Munsell  value  extending  from  0 to 
10,  or  from  black  to  white.  Munsell  chroma  extends  in  the  radial 
direction  with  variable  maxima  for  different  combinations  of 
value  and  hue.  Chroma  is  the  quality  that  distinguishes  the 
difference  between  a pure  hue  and  a gray  shade  of  equal 
lightness.  Segments  along  the  perimeter  are  the  Munsell  hues, 
divided  into  ten:  red,  yellow-red,  yellow,  green-yellow,  green, 
blue-green,  blue,  purple-blue,  purple,  and  red-purple.  These 
attributes  are  always  reported  as  Hue,  Value/Chroma  (e.g.,  5RP, 
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5/18)  . The  solid  is  irregularly  shaped  because  there  are  more 
colors  in  some  parts  of  it  compared  to  others  (Francis  and 
Clydesdale  1975)  . More  specifically,  reds,  blues,  and  purples,  on 
the  average,  have  higher  chroma  values  at  full  saturation,  while 
yellows  and  greens  have  their  maximum  chroma  relatively  close  to 
the  neutral  axis.  Similarly,  reds,  blues,  and  purples  reach 
maximum  chroma  at  midlevels  on  the  value  scale,  while  yellows  and 
greens  reach  it  at  higher  values  (7/-  or  8/-) . The  Munsell  Book 
of  Color  has  been  the  most  successful  visual  color  solid  widely 
used  in  the  food  industry  (Francis  and  Clydesdale  1975)  . 

Another  color  solid  is  the  RGB  (red,  green,  blue)  cube 
commonly  used  in  the  displays  of  color  in  computer  screens, 
television  sets  and  slides.  The  RGB  system  matches  the  anatomy  of 
the  eye;  specifically,  the  three  types  of  cones  that  are 
sensitive  to  different  parts  of  the  visible  spectrum  (long, 
medium,  and  short  wavelength)  that  are  known  as  red,  green  and 
blue  cones,  respectively  (Fortner  and  Meyer  1997) . In  the  24-bit 
RGB  system,  the  values  on  each  axis  extend  from  0 to  255,  with 
(0,0,0)  and  (255,255,255)  corresponding  to  black  and  white, 
respectively.  Similarly,  blue  is  represented  as  (0,0,255)  and 
green  as  (0,255,0). 

Hue,  saturation,  and  intensity  (HSI)  form  another  color 
system  that  is  actually  closer  to  what  is  perceived  by  humans. 
Humans  think  in  terms  of  hue,  saturation  and  intensity  rather 
than  RGB  when  referring  to  a color.  Hue  in  this  scale,  similar  to 
the  Munsell  hue,  corresponds  to  the  colors  of  the  rainbow. 
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Saturation  is  a measure  of  purity  of  color:  it  shows  how  much 
light  of  different  wavelengths  is  mixed  in  (Fortner  and  Meyer 
1997) . Pink,  tan  and  light  blue  are  examples  of  colors  where 
saturation  is  less  than  100%.  White  is  0%  saturation  (all 
wavelengths  mixed  in  equally) . In  the  computer  graphics  area,  HLS 
is  preferred  over  HSI,  where  L stands  for  lightness.  Although 
these  models  are  very  similar,  conversion  procedures  for  HLS  take 
up  less  space  in  a computer's  memory  (Fortner  and  Meyer  1997). 

For  purposes  of  representation,  it  is  desirable  to  have  2 
dimensions  rather  than  3.  The  CIE  (Commission  Internationale  de 
I'Eclairage)  achieved  this  in  its  chromaticity  diagram,  which  has 
proved  useful  in  specifying  the  hue  and  saturation  of  a color  and 
in  showing  how  two  arbitrary  colors  add.  The  chromaticity  diagram 
stems  from  the  tristimulus  values  X,  Y,  Z.  The  tristimulus  values 
are  reduced  to  2 dimensional  chromaticity  coordinates  through  the 
following  equations. 

X 

x = 

X + Y+Z 

Y 

^ X+Y+Z 

Z 

z = 

X + Y + Z 

Thus,  any  point  shown  on  the  CIE  diagram  (x,y)  would  have 
known  tristimulus  values,  since  x + y + z = 1.  When  the 
chromaticity  coordinates  of  all  spectral  colors  are  plotted,  a 
horseshoe-shaped  curve  is  obtained.  The  area  within  the  horseshoe 
shape  and  the  adjoining  ends  is  called  the  spectral  locus.  All 
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perceivable  colors  fall  within  this  area,  in  the  middle  of  which 
is  the  neutral  point  that  represents  white,  gray  or  black 
(depending  on  Y) . The  exact  coordinates  of  the  neutral  point 
depend  on  the  illuminant  (Choudhury  2000)  . For  illuminant  C, 
x=0.310  y=0.316  and  for  D65,  x=0.313,  y=0.33  (Fortner  and  Meyer 
1997) . The  colors  of  equal  hue  lie  on  a line  between  the  neutral 
point  and  the  borderline  of  the  spectral  locus.  On  any  equal-hue 
lines,  the  closer  the  color  is  to  the  neutral  point,  the  less 
saturated  it  is  going  to  be.  The  tristimulus  value  Y is  used  as  a 
measure  of  lightness.  Thus,  complete  color  specification  can  be 
made  by  Y,x,y  values  (Choudhury  2000). 

Although  the  CIE  system  is  the  fundamental  unit  of  color 
measurement  and  all  other  spaces  have  been  derived  from  X,Y,Z 
tristimulus  values  (Hutchings  1999) , it  has  a major  limitation: 
it  is  not  visually  uniform  (Francis  and  Clydesdale  1975) . That 
is,  equal  changes  in  Yxy  color  space  are  not  visually  perceived 
as  equal.  In  other  words,  when  two  pairs  of  colors  with  visually 
equal  differences  are  plotted  on  the  chromaticity  diagram,  the 
lines  joining  each  pair  are  not  of  equal  length  (Choudhury  2000) . 
Among  the  uniform  color  scales  developed  by  linear 
transformations  of  the  XYZ  scale  to  represent  colors  with  equal 
visual  spacing  are  the  Hunter  Lab  and  the  CIELAB  (CIE  L*  a*  b*) 
systems  (Figure  2-1).  Both  use  opponent  coordinates  (i.e.  the 
chromaticity  is  represented  by  red-green  and  yellow-blue 
attributes) . Axes  L a and  b are  perpendicular.  The  L (lightness) 
axis  goes  from  0 to  100,  with  0 corresponding  to  black  and  100  to 
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white.  The  chromatic  attributes,  redness-greenness  and 
yellowness-blueness  are  measured  by  a and  b,  respectively. 
Positive  values  on  the  a axis  stand  for  the  red  component  of  the 
color  while  negative  values  indicate  green.  Similarly,  yellow  and 
blue  components  in  a color  are  given  by  positive  and  negative 
values  of  b,  respectively.  Neutral  colors  are  close  to  the  line 
where  a and  b equal  0.  The  Lab  space  represents  approximately 
the  opponent  nature  of  our  vision  and  as  such,  is  easier  to 
visualize  and  interpret  (Hutchings  1999) . Although  the  Hunter  L a 
b and  the  CIELAB  spaces  are  similar  in  organization,  a color  will 
have  different  numerical  values  in  each  system. 


In  recent  years,  CIE  correlates  for  perceptual  attributes 
(lightness,  chroma  and  hue)  (Choudhury  2000)  have  been  defined  as 


shown  in  Table  2-1. 
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Table  2-1.  Relation  between  perceptual  attributes  and  CIE  L*  a* 
b*  coordinates* 


Lightness 

L* 

Chroma,  C*ab 

(a‘^+  b*"^) 

Hue  angle,  hab 

arctan  (b*/a*) 

Hue  angles  are  expressed  on  a scale  from  0°  to  360°.  Table  2- 
2 shows  the  relation  between  the  signs  of  a*  and  b*  values  and 
the  hue  angles  (Choudhury  2000) . 


Table  2-2. 

Relation  between 
of  the  CIE  L*a*b 

hue  angle  and  chromacity  coordinates 
* system 

a*  value 

b*  value 

Hue  angle  range 

Positive 

Positive 

0°  to  90° 

Negative 

Positive 

90°  to  180° 

Negative 

Negative 

180°  to  270° 

Nositive 

Negative 

270°  to  360° 

Measurement  of  Color 

Evaluation  of  food  color  can  be  done  either  through  visual 
observations  or,  more  objectively,  by  instruments.  Visual 
observations  might  be  unsatisfactory  in  many  situations  because 
of  eye  fatigue,  poor  color  memory  of  subjects,  lack  of  uniform 
lighting  and  standardized  viewing  conditions,  and  unavailability 
of  trained  panelists,  especially  for  routine  large-scale  color 
quality  determination  (Hutchings  1999) . To  avoid  the  imprecision 
caused  by  many  visual  judgments,  visual  evaluation  of  color 
should  be  limited  to  judging  color  equality  or  inequality  (Berns 
2000) . 

Instrumental  measurement  of  any  color  involves  the 
calculation  of  the  amounts  of  three  primaries  (X,Y,Z)  necessary 
to  match  that  color  as  seen  by  a CIE  standard  observer,  under 
standardized  viewing  conditions.  This  has  been  traditionally 
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achieved  using  colorimeters  or  spectrophotometers.  Colorimeters 
directly  measure  colorimetric  quantities  (tristimulus  values) , 
whereas  the  spectrophotometers  calculate  these  quantities  from 
spectral  data  (Berns  2000) . Measurements  with  these  instruments 
are  performed  in  tightly  controlled  illumination  chambers  where 
averaged  spectral  data  of  the  sampled  area  only  can  be  collected. 
Therefore,  colorimeters  do  not  actually  measure  what  humans  see 
in  color  of  objects  (Ling  and  others  1996) . Because  of  their  low 
spatial  resolution,  it  is  impractical  to  collect  a large  number 
of  samples  with  these  conventional  instruments.  As  a result, 
these  systems  are  not  suitable  for  samples  with  nonuniform  colors 
and  irregular  surfaces.  Sample  preparation  such  as  slicing, 
grinding,  pureeing,  powder  sizing,  compressing,  or  extracting, 
needed  to  obtain  uniform  samples  in  these  situations  must  be 
carried  out  with  great  consistency.  Moreover,  some  preparation 
methods  are  not  suitable  for  many  foods  such  as  peas  and  cooked 
meat  that  are  colored  differently  inside  and  outside.  For  foods 
with  uneven  colors,  estimation  of  areas  of  each  color  to  measure 
each  area  separately  has  been  recommended  (Hutchings  1999) . 
However,  such  approaches  are  rather  time  consuming  and  introduce 
unpredictable  errors. 

Computer  vision,  also  known  as  machine  vision,  is  a branch  of 
artificial  intelligence  that  deals  with  simulating  human  vision. 
It  develops  the  theoretical  and  algorithmic  basis  to  extract 
useful  information  from  an  observed  image,  image  set,  or  image 
sequence  (Panigrahi  and  Gunasekaran  2001)  . For  image  acquisition. 
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four  components  are  essential:  a computer,  a camera  or  a sensor, 
an  illumination  system,  and  a frame  grabber/digitizer  (Figure  2- 
2) . With  the  advances  in  the  imaging  technology,  digital  cameras 
have  eliminated  the  need  for  the  frame  grabber,  which  serves  to 
digitize  the  analog  signals  coming  from  the  camera.  Once  the 
image  is  obtained,  it  goes  through  preprocessing,  segmentation 
and  feature  extraction  before  it  can  be  recognized  and 
interpreted.  When  each  step  is  carefully  performed,  the 
subsequent  steps  will  be  easier  to  handle  and  better  results  will 
be  obtained  (Gunasekaran  1996) . 

A digital  image  is  a two-dimensional  array  carrying  the 
information  of  light  intensity  at  spatial  coordinates  (x,y).  Each 
pixel  of  the  image  is  represented  with  an  entry  within  this 
matrix.  The  total  number  of  pixels  in  an  image  is  determined  by 
the  size  of  the  matrix  used  in  the  camera.  Most  popular  cameras 
have  spatial  resolutions  of  512  x 480  or  640  x 480  (Panigrahi  and 
Gunasekaran  2001)  . The  intensity  of  a monochrome  image,  called 
the  gray  level,  ranges  from  0 to  255  for  8-bit  systems.  For  color 
images,  on  the  other  hand,  color  is  represented  by  three 
components:  red,  green,  and  blue  and  8-bit  systems  can  generate 
255  X 255  X 255  different  colors.  Color  machine  vision  is  about 
30  years  younger  than  machine  vision  (Panigrahi  and  Gunasekaran 
2001) . 

The  role  of  the  camera,  in  machine  vision  in  general,  is  to 
transform  the  information  related  to  the  physical  make-up  of  a 
scene  into  light  intensities  that  can  be  digitized  (Chan  and 
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Batchelor  1993) . Charged  couple  device  (CCD)  cameras  are  the  most 
commonly  used  video  cameras  in  computer  vision  systems.  They 
contain  arrays  of  photosensitive  elements  fabricated  on  a single 
chip  (Chan  and  Batchelor  1993) . 


Figure  2-2 . Components  of  a machine  vision  system 


The  performance  of  the  camera  and  the  illumination  system 
greatly  affect  the  reliability  of  machine  vision  applications.  A 
well-designed  lighting  set-up  enhances  image  contrast  and 
improves  feature  discrimination;  and  also  reduces  processing  time 
and  hardware  requirements  (Panigrahi  and  Gunasekaran  2001)  . The 
light  source  and  its  configuration  with  the  camera  and  the  sample 
make  up  the  illumination  system.  Most  lighting  arrangements  can 
be  grouped  as  front  or  back  lighting.  Front  lighting  is  most 
suitable  for  obtaining  surface  characteristics  of  an  object. 
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whereas  back  lighting  provides  information  on  sub-surface 
features  (Gunasekaran  1996) . Examples  of  such  subsurface  features 
are  internal  stress  cracks  in  corn  kernels  and  watercore  in 
apples  (Panigrahi  and  Gunasekaran  2001) . Images  can  be  subjected 
to  further  processing  to  evaluate  the  performance  of  the  viewing 
system  for  the  specific  food  product  application  at  hand. 

When  selecting  light  sources  for  color  machine  vision 
systems,  two  factors  are  especially  critical:  Color-rendering 
index  (CRI)  and  color  temperature.  As  cited  by  Berns  (2000) , CIE 
defines  color  rendering  as  "the  effect  of  an  illuminant  on  the 
color  appearance  of  objects  by  conscious  or  subconscious 
comparison  with  their  appearance  under  a reference  illuminant". 
Arc  lamps  such  as  mercury,  neon,  and  sodium  cause  color 
distortions  because  they  emit  light  of  few  specific  wavelengths. 
The  CRI  ranges  from  0 to  100;  and  light  sources  with  100  CRI  are 
those  that  have  the  color-rendering  capability  of  daylight.  A CRI 
of  80  or  higher  indicates  excellent  color-rendering  capability 
(Panigrahi  and  Gunasekaran  2001)  . 

Color  temperature,  expressed  in  Kelvins,  refers  to  the 
temperature  of  blackbodies,  which,  upon  heating,  change  their 
color  from  red  (~2000K)  to  bright  white  (~4000  to  5000K)  to  blue 
(8000  to  lOOOOK)  (Hutchings  1999) . Non-blackbody  light  sources 
can  only  be  described  by  the  color  temperature  of  the  blackbody 
that  they  resemble  the  most.  The  correlated  color  temperature  of 
such  sources  is  then  defined  as  the  temperature  of  the  blackbody 
whose  color  is  closest  to  that  of  the  light  source  (Choudhury 
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2000)  . The  CIE  has  defined  a number  of  standard  illuminants 
(Figure  2-3) . The  standard  illuminants  most  commonly  used  in  food 
applications  are  illuminants  A,  C,  and  D65  (Hutchings  1999) . 

Illuminant  A represents  incandescent  light  that  is  equivalent 
to  a blackbody  with  a color  temperature  of  2856K.  Illuminant  C, 
designed  to  represent  daylight  from  an  overcast  slcy,  is 
illuminant  A used  with  a set  of  liquid  filters  to  give  a color 
temperature  of  6774K.  D65  simulates  total  daylight  of  sun  and  the 
sky  and  has  a correlated  color  temperature  of  6500K  (Hutchings 
1999) . 


wavelength  (nm) 

Figure  2-3.  Spectral  power  distributions  of  standard  illuminants 
A,  C and  D65  (Source:  Hutchings  1999). 

One  of  the  most  significant  differences  between  conventional 
colorimetry  and  color  machine  vision  is  the  number  of  signals: 
There  are  240,000  or  more  sensing  elements  in  CCD  cameras  (Ling 
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and  others  1996)  as  opposed  to  3 signals  in  colorimeters;  and  a 
maximum  of  471  (one  for  every  nanometer  between  360  and  830  nm  of 
wavelength)  in  spectrophotometers  (Berns  2000)  . Thus,  color 
machine  vision  systems  offer  "a  tremendous  amount  of  spatial 
information"  compared  to  conventional  instruments  (Ling  and 
others  1996) . High  spatial  resolution  enables  machine  vision 
systems  to  isolate  and  specify  appearance  features  such  as  color 
pattern,  gloss,  and  surface  texture  attributes  not  delivered  by 
conventional  instrumentation  (Hutchings  1999) . For  all  of  these 
reasons,  this  noncontact,  nondestructive  method  of  color 
measurement  has  a huge  potential  for  food  industry  applications 
(Hutchings  1999) . 

Structure,  Con^osition  and  Formation  of  the  Egg 

Stjructure 

An  egg  consists  of  four  parts:  the  yolk,  the  white  (albimien) , 
the  shell  membranes  and  the  shell  (Figure  2-4) . Making  up  about 
30-33%  of  an  egg's  total  weight,  the  yolk  consists  of  the 
latebra,  germinal  disk,  and  concentric  layers  of  light  and  dark 
and  the  vitelline  membrane.  The  albumen  consists  of  four  layers: 
chalaziferous  (inner  thick  white) , inner  thin  white,  outer  thick 
white  and  the  outer  thin  white.  As  a whole,  these  four  layers 
make  up  about  60%  of  the  egg's  weight.  The  proportion  of  each 
layer  changes  with  strain  and  age  of  the  hen,  the  age  of  the  egg 
(Stadelman  1995) , environmental  conditions,  egg  size,  and  rate  of 
production  (Li-Chan  and  others  1997) . However,  the  proportion  of 
thick  white  is  an  inherited  character  and  it  is  remarkably 
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Figure  2-4.  Parts  of  an  egg  (Source : USDA) . 


constant  in  the  eggs  of  any  one  hen  (Hutt  1949) . The  chalazae  are 
strands  of  protein  (ovomucin)  that  serve  to  suspend  yolk  in  the 
center  of  the  egg  (Solomon  1997) . The  shell  membranes  are  one  of 
the  defense  mechanisms  of  the  egg  against  bacterial  invasion. 

They  are  made  of  interlacing  fibers  of  variable  diameter  and 
weigh  approximately  143  mg  (Solomon  1997) . The  shell  constitutes 
9-12%  of  the  total  egg  weight.  Its  major  component  is  calcium 
carbonate  (94%) . Magnesium  carbonate  and  calcium  phosphate  are 
also  present,  at  about  1%  of  the  shell  weight.  The  rest  is 
organic  material,  chiefly  protein  (Stadelman  1995) . About  10000 
pores  on  the  shell  allow  air  and  water  vapor  to  pass  through; 
liquid  water  is  excluded  (Okubo  and  others  1997) . The  outermost 
layer  on  the  egg  is  the  cuticle,  which  covers  the  pores  to  a 
certain  extent,  helps  to  reduce  moisture  losses  and  prevents 
bacterial  penetration  into  the  shell.  Mechanical  washing  removes 
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this  layer.  It  is  for  this  reason  that  table  eggs  are  sprayed 
with  oil  mist  (Jacob  and  others  1998a) . 

Condos ition 

As  well  as  being  an  excellent  source  of  high  quality  protein, 
an  egg  also  contains  vitamins  and  essential  minerals  (USDA  2000) . 
Egg  proteins  have  been  widely  used  as  a reference  protein  for 
nutritional  studies  because  of  their  high  nutritional  value 
(Robinson  1987) . Table  2-3  shows  the  composition  of  the  egg  as 
compiled  by  Li-Chan  and  others  (1995)  from  different  studies. 


Table  2-3.  Composition  of  the  hen's  egg 


% Protein 

% Lipid 

%Carbohydrate 

% Ash 

Albumen 

9.7-10.6 

0.03 

0.4-0. 9 

0.5-0. 6 

Yolk 

15.7-16.6 

31.8-35.5 

0. 2-1.0 

1.1 

Whole  Egg 

12.8-13.4 

10.5-11.8 

0. 3-1.0 

0. 8-1.0 

Source:  Li-Chan  and  others  (1995). 


Albumen  is  mostly  water  (87-89%) . The  moisture  content  of  the 
four  layers  of  albumen  decreases  from  the  outer  to  inner  layers. 
Age  and  strain  of  the  hens  affect  the  total  solids  content  of  the 
albumen  (Ahn  and  others  1997) . Protein  is  the  major  component  of 
albumen  solids.  About  40  different  types  of  proteins  exist  in  the 
albiamen,  many  of  them  still  uncharacterized  because  of  their  low 
concentrations  (Sugino  and  others  1997) . More  than  half  of  the 
protein  content  is  ovalbumin,  which  is  followed  by  conalbumin 
(ovotransferrin) , ovomucoid,  globulins,  ovomucin,  and  lysozyme 
(Li-Chan  and  others  1995) . The  protein  make-ups  of  the  thin  and 
thick  albumens  are  the  same,  except  for  the  level  of  ovomucin 
(Sugino  and  others  1997) . The  thick  albumen  contains  four  times 
more  ovomucin  than  the  thin  albumen.  This  and  the  observations 
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that  ovomucin  concentration  decreases  as  the  egg  white  liquefies 
during  storage  of  shell  eggs  have  been  shown  as  evidences  for  the 
importance  of  ovomucin  in  the  gelatinous  nature  of  the  thick 
albumen  (Robinson  1987) . The  carbohydrates  of  the  albumen  either 
exist  in  free  form  or  are  bound  to  proteins.  Most  of  the  free 
carbohydrates  are  glucose.  The  lipid  content  of  yolk-free  albumen 
is  negligible  (Li-Chan  and  others  1995) . 

The  moisture  content  of  the  yolk  is  close  to  50%.  During 
storage  of  the  eggs,  water  migrates  from  the  albumen,  increasing 
the  water  content  of  yolk  by  about  3%,  the  exact  amount  of  which 
depends  on  storage  conditions  (Li-Chan  and  others  1995) . The 
solid  matter  in  yolk  is  mainly  lipids  and  proteins.  Most  lipids 
are  in  the  form  of  low  density  lipoproteins (Li-Chan  and  others 
1995) . Yolk  lipids  include  triglycerides,  phospholipids, 
cholesterol  and  some  other  minor  lipids.  Major  fatty  acids  are 
oleic,  palmitic,  linoleic  and  stearic  acids  (Sugino  and  others 
1997) . Phosphorus,  calcium  and  potassium  are  the  major  minerals 
in  the  yolk  (Li-Chan  and  others  1995) . Upon  centrifugation,  egg 
yolk  is  separated  into  plasma  (supernatant)  and  granules 
(precipitate) . Granules  are  made  of  non-lipid  phosphoproteins 
(phosvitins) , high-density  lipoproteins  (lipovitellins) , low 
density  lipoproteins  and  very  little  amounts  of  myelin  figures. 
Plasma  is  composed  of  low-density  lipoproteins  and  non-lipid 
globular  proteins  (livetins) (Li-Chan  and  others  1995) . 
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Egg  Formation 

In  a given  24-hour  period,  the  ovary  normally  produces  one 
yolk  (Solomon  1997) . However,  when  the  chick  is  hatched,  the 
fully  formed  ovary  already  contains  3600-4000  ova  to  be  developed 
into  future  yolks  (USDA  2000)  . As  the  mature  ovum  is  released 
from  the  ovary  (ovulation) , it  is  covered  by  a perivitelline 
membrane  (yolk  sac) . The  oviduct,  which  can  grow  as  long  as  600 
mm,  can  be  visualized  in  6 morphologically  and  structurally 
different  segments  (Figure  2-5) . In  all  of  these  regions 
secretory,  muscular  and  connective  tissue  components  exist 
(Solomon  1997) . 

The  main  function  of  the  infundibulum  (funnel)  is  to  direct 
the  ruptured  yolk  into  the  main  portion  of  the  oviduct.  It  is 
also  involved  in  the  formation  of  chalazae  by  secreting  an  enzyme 
that  is  activated  upon  the  arrival  of  the  egg  in  the  lower 
magnum.  Biochemical  reduction  processes  thus  catalyzed  and  the 
rotation  of  the  egg  as  it  goes  down  the  oviduct  cause  the  albumen 
to  separate  out  and  twist  at  the  poles  (Solomon  1997) . It  takes 
the  yolk  about  15  minutes  to  move  through  the  infundibulum  by 
peristaltic  action  (USDA  2000) . 

The  next  segment  of  the  oviduct,  the  magnum,  is  the  longest. 
It  has  elastic  mucosal  folds  to  allow  the  passage  of  an  egg.  Its 
surface  epithelial  cells  and  underlying  gland  cells  secrete  a 
complex  mixture  of  40  different  types  of  proteins.  At  any  given 
time,  this  region  contains  sufficient  albumen  for  two  eggs 
(Solomon  1997) . Ovomucin  strands  are  drawn  together  as  the 
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developing  egg  spirals  through  the  magnum.  The  chalaziferous 
layer  and  the  chalazae  are  thus  formed.  The  inner  thin  white  is 
squeezed  out  by  the  continued  twisting  and  drawing  together  of 
these  strands.  The  yolk  travels  the  entire  length  of  the  magnum 
in  about  3 hours  as  three  of  the  four  layers  of  the  albumen  are 
deposited  (USDA  2000)  . 

As  it  leaves  the  magnum,  the  albumen  attains  a turgid 
structure  that  is  necessary  to  support  the  shell  membrane  fibers 
to  be  deposited  subsequently.  However,  the  multi-layered  albumen 
attains  its  final  form  only  after  oviposition  (Solomon  1997) . 
Isthmus  is  that  part  of  the  oviduct  responsible  for  the 
production  of  the  inner  and  the  outer  shell  membranes  (Solomon 
1997) . The  developing  egg  spends  about  1 hour  and  15  minutes  in 
the  isthmus  (USDA  2000) . In  the  next  segment,  calcium  is 
deposited  on  the  chemically  modified  end  portions  of  the  membrane 
fibers,  called  mammillary  cores.  The  short  period  of  time  spent 
in  this  region  is  critical  for  "good"  shell  formation  (Solomon 
1997) . After  the  tubular  shell  gland,  the  egg  reaches  the  shell 
gland  pouch  (uterus)  where  the  "plumping"  fluid  is  added.  The 
gland  cells  are  the  most  likely  producer  of  the  plumping  fluid 
through  an  energy-mediated  process.  As  a result,  the  egg  weight 
increases  and  the  protein  content  of  the  albumen  decreases  from 
20  to  11%.  During  the  20  hours  spent  in  the  pouch,  the  true 
shell,  which  consists  of  95%  calcium  carbonate  and  5%  organic 
material,  is  also  deposited  on  the  egg. 
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A OVARY 

1 Mature  yolk  wi 

yolk  sac  or  foil! 

2 Immature  yolk 

3 Empty  follicle 

4 Stigma 


B OVIDUCT 

1 Infundibulum 

2 Magnum 

3 Isthmus 

4 Uterus 

5 Vagina 

6 Cloaca 


7 Vent 


Figure  2-5.  Reproductive  system  of  the  hen  (USDA  2000) 


Pigment  is  added  towards  the  end  of  shell  formation.  However, 
the  bulk  of  the  pigment  is  deposited  as  an  integral  part  of  the 
cuticular  layer.  The  amount  of  pigment  deposited  on  the  outer 
layers  of  the  shell  is  also  significant,  and  here  is  the  site 
where  the  pigment  could  act  to  increase  the  resistance  of  the 
eggs  to  cracking.  The  formation  of  the  egg  is  complete  at  this 
point  and  with  muscular  contractions  during  oviposition,  the  egg 
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passes  through  the  vagina  to  exit  through  the  cloaca  (Solomon 
1997) . 

Albijmen  Thinning 

The  jelly-like  appearance  and  stickiness  of  egg  white  has 
been  attributed  to  a glycoprotein  called  ovomucin  that  makes  up 
about  1-2%  of  the  total  volume  of  albumen  proteins.  Much  higher 
levels  reported  sometimes  are  due  to  contamination  with  other 
proteins,  particularly  lysozyme  (Vadehra  and  Nath  1973).  Ovomucin 
has  unusually  high  amounts  of  hexose  (15-18.6%),  hexosamine  (7- 
12%)  and  sialic  acid  (2.5-  8%)  (Doi  and  Kitabatake  1997). 

According  to  Robinson  (1987),  the  role  of  ovomucin  is 
evidenced  by  the  following  observations: 

• The  thick  gel  fraction  contains  four  times  more  ovomucin 
compared  to  the  thin  albumen  fractions  (Brooks  and  Hale 
1961)  . 

• Fresh  eggs  with  different  albumen  heights  also  differ  in 
their  ovomucin  content:  the  higher  the  albumen  height,  the 
higher  the  ovomucin  content  (Austic  1977) . 

• The  concentration  of  ovomucin  decreases  upon  storage 
coinciding  with  the  natural  thinning  of  egg  albumen  (Brooks 
and  Hale  1961) . 

Many  suggestions  have  been  made  about  the  mechanism  of  egg 
white  thinning: 

1.  There's  an  electrostatic  interaction  between  lysozyme 
(pl=10.7)  and  the  ovomucin  (pl=  4.5-5)  causing  the  high  viscosity 
of  fresh  eggs  (pH~7) . As  pH  increases  with  storage,  the  net 
positive  charge  on  lysozyme  decreases  (approaching  its  pi)  and 
this,  in  turn,  weakens  the  lysozyme-ovomucin  interaction  (Miller 


and  others  1982) . 
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2.  Ovomucin  is  a complex  of  at  least  two  distinct 
glycoproteins,  a-  and  (3-  ovomucin  (Miller  and  others  1982)  . The 
carbohydrate  content  of  a-ovomucin  is  15%,  that  of  p-ovomucin  is 
50%  (Doi  and  Kitabatake  1997) . p-ovomucin  is  gradually 
solubilized  from  the  thick  white  gel  into  the  liquid  fraction  of 
thick  white  (Kato  and  others  1979) . In  an  attempt  to  find  the 
reason  for  this  mechanism,  the  authors  measured  the  content  of 
alkali-sensitive  carbohydrate  units  of  ovomucin  from  egg  whites 
stored  at  30 °C  for  30  days.  They  suggested  that  p-elimination  of 
the  glycosidically  linked  carbohydrate  units  of  p-ovomucin  takes 
place  with  increasing  pH.  This  might  be  causing  the  dissociation 
of  p-ovomucin  mentioned  above  (Kato  and  others  1979) . 

3.  Depolymerization  of  ovomucin  by  alkaline  hydrolysis  or 
reduction  of  disulfide  bonds  was  another  suggested  mechanism  of 
thinning  (Donovan  and  others  1972) . However,  Kato  and  others 
(1981)  observed  that  a-ovomucin  remained  insoluble  as  p-ovomucin 
was  solubilized  during  thinning.  Disulfide  bonds  are  more 
abundant  in  a-ovomucin  than  in  p-ovomucin.  Therefore,  they 
suggested,  depolymerization  of  ovomucin  could  not  be  responsible 
for  the  natural  thinning. 

4.  Hayakawa  and  others  (1983)  suggest  that  this  observation 
made  by  Kato  and  others  (1981,  was  in  the  presence  of  lysozyme. 
Besides,  they  reported  solubilization  of  both  a-  and  p-ovomucins 
in  equal  amounts  in  the  absence  of  lysozyme.  Based  on  these,  they 


suggest  the  following: 
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The  ovomucin  complex  responsible  for  the  gel  structure  of  the 
thick  white  consists  of  an  a-ovomucin— lysozyme  complex  covered  by 
p-ovomucin  which  inhibits  the  aggregation  of  the  a-ovomucin— 
lysozyme  complex.  As  pH  of  the  egg  white  increases  during 
storage,  (3-ovomucin  disaggregates  from  the  ovomucin  complex 
leading  to  the  insolubilization  of  the  a-ovomucin— lysozyme 
complex  and  loss  of  the  gel  structure. 

Foaming  Properties  of  Egg  White 
Foaming  is  one  of  the  functional  properties  of  egg  whites 
that  makes  eggs  a desirable  ingredient  in  food  products  such  as 
cakes,  breads,  meringues  and  whipped  toppings.  Foaming  properties 
can  be  evaluated  as  the  ability  to  form  foam  (foam  capacity)  and 
the  stability  of  the  foam.  Volume  of  foam  at  the  end  of  a given 
period  of  whipping  or  the  time  required  to  beat  the  foam  to  a 
specified  level  of  aeration  (whip  time)  is  used  as  a measure  of 
foam  capacity.  Amount  of  liquid  released  from  the  foam  in  a given 
period  of  time  (drainage)  is  a measure  of  foam  stability.  It  can 
be  reported  as  weight,  volume  or  rate  of  drainage.  Differences  in 
the  equipment  and/or  details  of  the  method  used  to  estimate 
foaming  properties  make  the  comparison  of  results  from  different 
laboratories  difficult  (Yang  and  Baldwin  1995) . Foam  is  a two- 
phase  system  in  which  the  gas  phase  is  dispersed  in  an  aqueous 
continuous  phase.  Proteins  act  as  surface-active  agents 
(surfactants)  that  can  decrease  the  surface  tension  at  the 
air/water  interface.  To  do  this,  the  soluble  proteins  need  to 


diffuse  to  the  interface,  adsorb  and  unfold  to  a certain  extent. 
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The  polypeptides  then  rearrange  to  orient  the  non-polar  groups 
toward  the  air,  exposing  the  polar  groups  to  water  at  the  same 
time.  Following  this,  the  adjacent  polypeptide  groups  form  the 
basis  of  a cohesive  film  through  non-covalent  interactions.  At 
this  point,  any  structure  or  force  that  favors  the  intermolecular 
associations  increase  the  foaming  capacity  (Phillips  and  others 
1994) . Once  formed,  the  stability  of  the  foam  depends  on  the 
balance  between  forces  within  the  film  and  the  forces  between 
adjacent  bubbles.  In  the  eggs  white,  different  proteins  serve 
different  functions,  interacting  to  yield  the  unique  foaming 
properties.  Nevertheless,  the  molecular  basis  of  egg  white 
foaming  is  not  well  understood  (Mine  1995) . In  an  attempt  to 
characterize  the  functional  property  of  each  protein,  Johnson  and 
Zabik  (1981)  used  six  different  protein  fractions  they  isolated 
from  the  whites  of  day-old  eggs.  They  found  the  ovomucin  fraction 
to  be  the  most  viscous,  so  viscous  that  it  would  not  flow  for  the 
viscosity  determination.  Globulins  showed  the  highest  foaming 
capacity  while  other  proteins  showed  little  or  no  capacity  at 
all.  Voliames  of  angel  food  cakes  were  greatest  with  globulins 
followed  by  ovalbumin  and  the  mixture  that  had  all  six  proteins 
at  levels  found  in  the  egg  white.  It  was  suggested  that  the  low 
volumes  of  conalbumin  and  lysozyme  cakes  were  due  to  both  less 
air  inclusion  and  lower  foam  stability.  Since  ovomucin  and 
ovomucoid  showed  no  foaming  capacity  at  all,  their  low  cake 
volumes  were  attributed  to  complete  lack  of  aeration.  According 
to  Cotterill  and  Winter  (1955) , as  cited  by  Yang  and  Baldwin 
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(1995) , foam  formation  is  facilitated  by  globulins  while  foam 
stability  is  conferred  by  the  ovomucin-lysozyme  complex.  Heat 
setting  is  a function  of  ovalbumin  and  conalbumin.  MacDonnell  and 
others  (1955)  also  reported  that  the  globulins  are  good  foamers, 
that  they  not  only  provide  large  cake  volume  but  also  small 
bubbles  and  smooth  texture.  Their  findings  indicated  that 
ovomucin  is  not  a foamer  but  it  stabilizes  foams  at  short 
whipping  times.  They  suggested  that  overwhipping  decreases  cake 
volume  because  ovomucin  decreases  bubble  elasticity  by  very  rapid 
insolubilization  at  the  bubble  surface. 

Shell  Pigmentation 

Brown  eggs  owe  their  color  to  porphyrins.  Porphyrins  are 
cyclic  compounds  of  four  pyrrole  rings  linked  through  methylene 
bridges.  They  form  complexes  with  metals  to  form  metaloporphyrins 
that,  in  turn,  can  complex  with  proteins  (Solomon  1987) . 
Protoporphyrin-IX  is  the  most  common  porphyrin  in  nature  (Lang 
and  Wells  1987) . In  a survey  of  eggshell  pigments  of  108  avian 
species,  the  principal  pigments  were  found  to  be,  in  the  order  of 
abundance,  protopophyrin-IX,  biliverdin  IX  and  its  zinc  chelate 
(Kennedy  and  Vevers  1973) . The  authors  reported  that  the  shells 
that  showed  shades  of  brown  had  protoporphyrin  alone,  whereas 
green  and  blue  shades  were  contributed  by  biliverdin  and  zinc 
biliverdin  chelate.  White  shells  may  also  contain  porphyrin, 
although  at  lower  concentrations  (Solomon  1997) . Succinic  acid 
and  glycine  are  the  precursors  in  the  biosynthesis  of  porphyrins. 
Through  enzymatic  action  and  decarboxylation  reactions,  colorless 
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porphyrinogens  are  formed.  Auto-oxidation  of  these  yields 
porphyrins  (Solomon  1987) . Mitochondria  are  thought  to  be 
involved  in  the  porphyrin  biosynthesis.  The  shell  gland  pouch  has 
tubular  gland  cells  with  fluctuating  population  of  mitochondria 
during  egg  formation.  Two  enzymes  of  the  porphyrin  formation 
pathway  are  also  present  in  the  pouch  at  levels  varying  with 
oviduct  activity.  The  tubular  gland  cells  have  been  implicated  in 
the  production  of  porphyrinogen  which  is  auto-oxidized  as  it  is 
transferred  across  the  surface  epithelium  on  to  the  egg  in  the 
pouch  (Solomon  1987) . Biliverdin,  on  the  other  hand,  is  formed 
from  the  blood  pigment  hemoglobin  (Lang  and  Wells  1987) . 

Although  traces  of  pigment  are  found  in  the  shell,  the  color  of 
the  shell  depends  on  the  quantity  of  pigment  directly  associated 
with  the  cuticle  (Butcher  and  Miles  1995) . 

In  the  wild,  eggshell  color  provides  camouflage  and  thermal 
regulation  (Baldcen  and  others  1978)  . However,  in  the  urban  life, 
the  aesthetic  appeal  to  the  consumer  set  aside,  the  shell  color 
may  gain  economic  importance  if  it  is  shown  that  pigmentation 
improves  the  strength  of  the  shell  (Solomon  1997) . 

In  a study  which  looked  for  relationships  between  the 
incidence  of  cracks  and  six  strain  characteristics  such  as  shell 
thickness,  shell  color  and  egg  weight.  Carter  (1975)  observed 
that  brown  egg  layers  consistently  had  less  incidence  of  cracks 
compared  with  the  white  egg  layers.  Besides,  shell  color  was 
found  to  have  the  greatest  effect  on  the  incidence  of  shell 
cracks.  However,  the  author  stressed  that  this  did  not 
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necessarily  mean  the  brown  shells  were  stronger  than  the  white 
ones.  On  the  contrary,  his  data  indicated  that  the  thickness  of 
the  white  shells  was  larger  than  that  of  the  brown  shells.  It  was 
suggested  that  some  mechanism  other  than  a thicker  shell  must  be 
responsible  for  the  observation  that  brown  eggs  had  lower 
incidence  of  cracks.  The  previous  observation  that  cuticle  was 
thicker  in  brown  than  in  white  shells,  signaled  a potential  role 
of  this  outermost  layer  in  delaying  fractures.  Still  another 
explanation,  he  claimed  was  plausible,  was  the  difference  between 
the  heights  from  which  the  eggs  drop  during  oviposition.  It  was 
concluded  that  available  data  was  not  enough  to  explain  the 
reason  for  the  observation  of  brown  eggs  having  cracks  less 
often.  Nevertheless,  he  recommended  selecting  for  dark  shell 
color  rather  than  thick  shells  to  breeders  who  wish  to  decrease 
the  incidence  of  cracks. 

The  Effect  of  Hens'  Age  on  Egg  Quality 
The  commercial  egg-type  domestic  fowl,  with  proper  light 
stimulus  related  to  body  weight  may  start  laying  eggs  as  early  as 
16  weeks.  The  next  6-to-8-week  period  witnesses  a sharp  increase 
in  egg  production  at  the  end  of  which  a peak  of  about  90-95% 
production  is  reached.  From  this  point  on,  it's  a slow  decrease 
in  production  down  to  65-70%  at  the  end  of  the  first  year  of  lay 
(Jacob  and  others  1998b) . It  is  not  only  the  egg  production  that 
changes  as  the  birds  get  older.  Egg  weight,  egg  size,  yolk  and 
albumen  weight  increase  as  a function  of  hens'  age  (Rossi  and 
Pompei  1995) . However,  the  relative  increase  in  the  albumen 
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weight  is  lower  than  that  in  the  yolk  weight.  As  a result,  the 
percent  of  yolk  per  egg  increases  and  percent  albumen  decreases 
in  time  (Hussein  and  others  1993) . The  height  of  the  albumen, 
which  is  indicative  of  its  quality,  also  decreases  with  the  hens' 
age  (Silversides  1994) . Haugh  units  calculated  from  albumen 
height  and  egg  weight  decrease  with  time  (Izat  and  others  1986) 
and  tend  to  level  off  after  18  months  of  age  (Cunningham  and 
others  1960) . Shell  weight  has  been  reported  to  be  increasing 
slightly  till  the  45th  week  and  then  decreasing  slightly 
(Silversides  1994),  with  percent  shell  weight  decreasing  in  time 
(Silversides  and  Scott  2001)  . About  the  same  amount  of  shell 
being  deposited  on  eggs  of  increasing  size  result  in  thinner 
shells  and  more  frequent  breakages  in  eggs  from  older  hens 
(Butcher  and  Miles  1991) . It  has  been  shown  that  hens  deposit  a 
constant  amount  of  calcium  in  the  eggshell  as  they  age  (Roland 
and  others  1975) . Just  as  constant  amount  of  calcium  deposition 
on  larger  eggs  result  in  shells  of  poor  quality,  the  pigment 
deposited  on  a larger  surface  area  of  eggshell  results  in  paler 
eggs  from  aging  layers  (Butcher  and  Miles  1995) . Also,  the 
capacity  of  the  shell  gland  pouch  to  produce  pigment  is  reduced 
with  age  (Solomon  1997) . In  spite  of  this,  "little  systematic 
work  has  been  carried  out  on  the  changes  in  the  intensity  of 
shell  colour  as  hens  age"  (Lang  and  Wells  1987) . 

Vanadium  and  Its  Route  into  the  Hens'  Feed 
Vanadium  was  discovered  by  the  Spanish  mineralogist  del  Rio 
in  1813  but  it  was  not  until  1831  that  it  was  named  after  the 
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goddess  Vanadis  by  Nils  Sefstrom  who  purified  it  in  the  oxide 
form  (Barceloux  1999) . 

Vanadium  is  a transition  element  in  Group  Va/5B  that's 
dispersed  throughout  the  Earth's  crust,  rivers,  lakes  and  oceans 
(Crans  and  Tracey  1998) . It  is  a corrosion  resistant  metal  that 
exists  in  oxidation  states  from  -1  to  +5.  The  most  common 
valences,  however,  are  +3,  +4,  and  +5  (Barceloux  1999) . Its 
combinations  with  sodium,  ammonia,  carbon  and  oxygen  are  common. 
It  can  also  form  covalent  bonds  to  yield  organo-metallic 
compounds  (Ammerman  and  others  1977) . Although  it  is  omnipresent 
in  both  animals  and  plants,  its  biological  role  is  not  clear 
(Orvig  and  others  1995) . The  quadrivalent  form  (VO2,  vanadyl)  is 
predominant  in  the  cell,  whereas  the  pentavalent  form  (VO3, 
vanadate)  is  the  most  common  state  in  extracellular  body  fluids 
(Barceloux  1999) . The  reduction  of  vanadate  to  vanadyl  has  been 
attributed  to  glutathione,  ascorbic  acid  and  other  reducing 
agents  (Crans  1995) . Vanadate  is  absorbed  3 to  5 times  more 
efficiently  than  vanadyl.  Most  ingested  vanadium  is  excreted 
through  feces;  this  is  the  unabsorbed  vanadium.  Most  absorbed 
vanadium  is  excreted  by  urine  and  the  bone  is  the  major  sink  for 
the  retained  vanadium  (Nielsen  1987)  . Both  the  anion  vanadate 
(V03‘)  and  the  cation  vanadyl  (V02'^)  can  form  complexes  with 
physiologically  important  molecules.  However,  it  is  not  known 
whether  one  is  of  greater  significance  in  biological  functions  in 
vivo.  Since  there  has  been  no  demonstration  that  vanadium 
deficiency  reproducibly  and  consistently  impairs  a biological 
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function  in  any  animal,  it  has  been  suggested  that  "the  discovery 
of  a specific  physiological  role  for  vanadium  may  be  necessary  to 
establish  it  as  essential"  (Nielsen  1987) . 

Certain  minerals  are  essential  in  the  diets  of  poultry  and 
they  must  be  added  to  the  diets  at  concentrations  sufficient  to 
promote  optimum  response.  This  concentration  is  considered  as  the 
minimum  requirement.  However,  any  mineral  element,  even  if  it  is 
an  essential  one,  can  cause  adverse  reactions  in  the  chicken  when 
provided  in  concentrations  in  excess  of  the  maximum  tolerable 
level.  Both  the  minimum  requirement  and  the  maximum  tolerable 
amount  depend  on  a number  of  factors  which  have  been  reported  as 
the  solubility  of  the  mineral  in  the  form  provided,  age,  previous 
and  present  nutrition,  health  and  growth  potential  of  the  animal, 
and  the  environment  (Henry  and  Miles,  2001) . Not  only  the 
possibility  of  excessive  minerals  in  chickens'  diet  due  to 
polluted  water  supplies,  plants  (for  free  range  birds),  or  human 
error  during  transport  and  mixing  of  feed,  but  also  the  presence 
of  contaminating  elements  in  the  ores  used  to  supplement 
essential  minerals  is  a concern  to  the  poultry  nutritionist. 
Phosphate  supplements,  which  are  included  in  poultry  diets  at 
levels  of  1 to  3%,  are  good  examples  of  this:  They  are  added  to 
provide  bio-available  P and  Ca  to  the  chicken.  However,  these 
sources  also  introduce  other  minerals  and  certain  potentially 
harmful  elements  such  as  aluminum,  arsenic,  barium,  cadmium, 
chromium,  fluorine,  lead,  mercury,  nickel  and  vanadiiam  (Sullivan 
and  others  1994)  . The  amount  introduced  depends  on  the 
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ingredients  and  procedures  used  in  the  production  of  phosphate 
supplements.  Dicalcium  phosphate  is  one  such  source  of 
supplemental  phosphorus  used  in  animal  feeds  all  around  the  world 
because  of  the  high  biological  availability  of  such  phosphorus. 

It  is  obtained  by  various  steps  including  acidulation  of  rock 
phosphate  with  sulfuric  acid  and  neutralization  of  the  phosphoric 
acid  formed  using  calcium  carbonate.  Thus,  the  end-product  is  a 
mixture  of  varying  amounts  of  dicalcium  and  monocalcium 
phosphates,  phosphoric  acid,  calcium  carbonate,  and  impurities 
(Lima  and  others,  1995) . Sullivan  and  others  (1994)  found 
vanadium  levels  ranging  from  36  to  185  ppm  when  they  studied 
mineral  composition  of  commercially  available  feed  phosphates. 

One  sample  that  they  also  tested  had  as  high  as  796  ppm  V, 
however,  this  sample  was  not  commercial.  In  a following  study 
(Lima  and  others  1995) , the  mean  (134  vs  139  ppm)  and  the  range 
(2-195  ppm)  of  vanadium  levels  were  found  to  be  comparable.  The 
concentration  of  vanadium  in  a commercial  tricalcium  phosphate 
sample  was  reported  as  1400  ppm  (Berg  1963) . High-vanadium 
phosphate  sources  generally  originate  in  the  Rocky  Mountains  in 
western  parts  of  USA  (Henry  and  Miles  2001)  as  well  as  some  other 
countries.  Some  rock  phosphate  deposits  were  reported  to  contain 
vanadium  at  levels  as  high  as  6000  ppm  (Romoser  and  others  1960) . 

National  Research  Council  (1994) recommends  the  presence  of 
very  low  levels  of  vanadium  in  the  poultry  diet;  maximum 
tolerance  level  has  been  reported  as  10  ppm  (Henry  and  Miles 


2001)  . 
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Vanadium  in  the  diet  of  chickens  has  been  shown  to  be 
detrimental  to  egg  production,  interior  quality  (albumen  height) , 
body  and  egg  weight,  and  feed  consumption. 

In  one  of  the  initial  studies  on  the  effects  of  vanadium  on 
the  growing  chick,  Romoser  and  others  (1961)  detected  a marked 
depression  in  the  rate  of  weight  gain  at  vanadium  concentrations 
greater  than  20  ppm  when  the  birds  were  fed  with  basal  rations 
spiked  with  different  concentrations  of  the  metal  for  21  days. 
Efficiency  in  the  feed  utilization  was  also  observed  to  be 
depressed  at  40  ppm  vanadium  added  as  Ca3(V04)2-  The  two  highest 
concentrations  of  vanadium,  400  and  600  ppm,  resulted  in  100% 
mortality  within  21  days. 

A study  aimed  at  comparing  the  effects  of  vanadium  supplied 
as  vanadyl  or  vanadate  showed  that  these  forms  of  vanadium  are 
equally  toxic  to  chicks  as  measured  by  growth  inhibition  and 
mortality  (Hathcock  and  others  1964) . 

In  an  attempt  to  measure  physical  and  chemical 
characteristics  of  the  egg  when  the  interior  quality  decreases 
due  to  added  vanadium,  Eyal  and  Moran  (1984)  fed  ammonium 
metavanadate  to  supply  20  and  30  mg/kg  added  vanadium  to  the 
final  feed  of  two  different  groups  of  White  Leghorns  that  had 
been  fed  a control  diet  for  four  weeks  before  the  experimental 
period.  The  experimental  period  also  lasted  four  weeks  and 
involved  a third  group  being  fed  the  same  control  ration  as  in 
the  standardization  period.  Their  results  indicated  that  adding 
vanadium  had  no  significant  effect  on  egg  production  or  feed 
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intake.  The  highest  vanadium  concentration,  however,  resulted  in 
lower  body  weight  gain  compared  to  the  other  two  treatments.  The 
egg  weights  were  not  different  significantly  among  the  groups, 
however,  it  was  observed  that  the  addition  of  vanadium  at  the 
lower  level  altered  the  albumen  height  and,  consecutively,  the 
Haugh  units.  The  authors  reported  that  the  higher  level  of 
vanadium  did  not  result  in  further  decrease  in  the  interior 
quality  as  measured  by  albumen  height  and  the  Haugh  units. 
Measurement  of  each  major  component  (albumen,  shell,  yolk)  showed 
that  the  proportion  of  the  albumen  decreased  with  vanadium  at 
30mg/kg  as  compared  to  the  control.  However,  the  changes  in  yolk 
and  the  shell  were  not  significant.  The  measurement  of  the 
albumen  fractions  showed  that  vanadium  increased  the  proportion 
of  the  outer  thin  albumen  at  the  expense  of  the  inner  thin 
albumen  although  the  thick  albumen  was  not  affected.  It  was 
concluded  that  the  change  in  the  thin  albumen  had  more  influence 
on  the  reduction  of  the  interior  quality  than  did  the  decrease  in 
total  albumen. 

Another  study  involved  two  experiments  designed  to 
investigate  the  adverse  effects  of  dietary  vanadium  contributed 
by  dicalcium  phosphate  (Sell  and  others  1982) . In  the  first 
experiment,  four  different  test  diets  contained  1.4,  9.9,  29.9, 
and  38.4  ppm  vanadium.  The  first  two  concentrations  of  vanadium 
were  obtained  from  two  different  sources  of  dicalcium  phosphate, 
the  last  two  were  the  same  as  the  first  diets  with  extra  vanadium 
added  as  reagent  grade  ammonium  metavanadate  (NH4VO3)  . Diets 
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containing  29.9  and  38.4  ppm  vanadium  depressed  egg  production 
and  feed  consumption  but  had  no  significant  effect  on  egg  weight. 
In  comparison  to  the  treatment  group  with  1.4  ppm  vanadium,  all 
groups  experienced  a reduction  in  egg  quality  through  the  4-week 
treatment  period.  The  authors  reported  that  the  decline  in  Haugh 
units  was  significant  within  7 days  after  the  start  of  the  trial 
and  remained  so  through  4 weeks  of  vanadium  feeding.  It  was  also 
noted  that  feeding  38.4  ppm  vanadium  caused  a further  numerical 
reduction  in  Haugh  units  than  those  values  obtained  with 
treatments  of  9.9  and  29.9  ppm  vanadium  although  this  difference 
was  not  statistically  significant.  Feed  consumption  and  rate  of 
egg  production  were  affected  at  the  29.9  ppm  and  38.4  ppm 
vanadium  levels.  At  the  end  of  another  4-week  period,  during 
which  the  vanadium  levels  were  set  at  1.4  ppm  for  all  groups, 
albumen  quality  recovered  for  all.  At  the  end  of  this  recovery 
period,  there  were  no  significant  differences  between  the  Haugh 
units  of  groups  that  were  treated  with  different  levels  of 
vanadium.  Most  of  the  recovery  in  Haugh  units  was  observed  within 
the  first  week  of  the  recovery  period,  with  little  improvement 
thereafter . 

In  the  second  experiment,  the  researchers  tried  vanadium 
concentrations  of  0,2, 4, 6, 7. 9 ppm.  Their  observations  suggested 
that  the  vanadium  concentration  required  to  induce  a consistent 
decline  in  albumen  quality  was  between  4 and  6 ppm.  It  was  also 
observed  that  7.9  ppm  dietary  vanadium  resulted  in  near  maximum 
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reduction  in  albumen  quality  and  that  additional  vanadium  had 
little  influence. 

Toussant  and  others  (1995)  studied  the  morphology  of  the 
oviduct  of  hens  that  had  significantly  different  Haugh  units 
either  due  to  their  genetic  traits  or  due  to  vanadium  in  their 
diets.  The  genetically  different  groups  were  found  to  have 
different  magnum  fold  height  and  surface  epithelium  height  in  the 
magnum  and  the  isthmus  at  the  0.05  level.  Lower  heights  were 
observed  in  the  group  with  lower  Haugh  units.  The  hens  that  were 
fed  control  or  vanadium  (20  mg  V/kg  diet  for  two  weeks  followed 
by  30  mg  V/kg  diet  for  two  more  weeks)  diets,  however,  showed 
differences  in  the  magnum  height  only  that  was  significant  at  the 
0.07  level. 

Bressman  and  others  (2002)  conducted  a 56-day  study  where 
White  Leghorn  hens  received  four  dietary  treatments.  The  diets 
were  a corn-soybean  meal  basal  diet  fed  as  a control  and  the  same 
diet  supplemented  with  ammonium  metavanadate  to  supply  20,  40, 
and  60  mg  V/  kg  diet.  Feed  intake  was  observed  to  be 
significantly  reduced  at  the  two  highest  levels  when  measured  at 
the  end  of  the  8-week  period.  Egg  production  decreased  comparably 
for  the  hens  receiving  40  and  60  mg  V/kg  diet  through  the  first 
28  days. 

During  the  second  half  of  the  experimental  period,  the 
highest  vanadium  concentration  resulted  in  egg  production  levels 
even  lower  than  those  observed  for  the  40  mg  V/kg  diet  group.  The 
authors  suggested  that  the  difference  in  egg  production  observed 
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at  the  end  of  the  study  among  these  treatment  groups  could  be  the 
result  of  decreased  feed  consumption.  Feed  consumption  of  the  60 
mg  V/kg  diet  group  was  significantly  less  than  that  of  the  40  mg 
V/kg  diet  group  which,  in  turn,  was  significantly  less  than  the 
20  mg  V/kg  diet  and  the  control  groups.  No  differences  were 
observed  among  the  feed  consumption  and  egg  production  levels  of 
the  20  mg  V/kg  diet  and  the  control  groups.  Shell  weights  of  the 
eggs  from  the  hens  receiving  the  diets  supplemented  with  higher 
levels  of  vanadium  were  observed  to  be  significantly  lower  than 
those  from  the  other  two  groups  on  the  54*^^  day  of  the  experiment. 
A clear  dose-response  relationship  between  the  concentration  of 
the  dietary  vanadiiam  and  shell  weight  was  not  observed  on  the  14*^^ 
and  37*^^  days  of  the  experiment.  Interior  quality  showed  a 
significant  decrease  in  all  vanadium  groups,  as  measured  by  Haugh 
units  on  the  14^^^  day  of  the  experiment.  The  authors  reported 
continuous  and  additive  detrimental  effects  of  all  vanadium 
supplemented  diets  throughout  the  study.  Since  no  significant 
changes  were  observed  in  egg  weight  until  the  54*^^  day,  and  since 
the  change  observed  on  that  day  was  significant  for  the  highest 
vanadium  level  only,  it  was  concluded  that  the  significant 
changes  in  the  Haugh  units  were  due  to  the  significant  changes  in 
albiamen  height  for  all  vanadium  groups.  Another  finding  of  this 
study  was  that  the  moisture  content  of  excreta  increased  with 
increasing  concentrations  of  vanadium  in  the  diet.  The  authors 
suggested  that  the  mechanism  for  the  increase  in  excreta  moisture 
might  be  related  to  the  inhibition  of  intestinal  enzymes  and 
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intestinal  cell  damage  due  to  lysis  by  vanadium  (Bressman  and 
others  2002) . 

Bone,  kidney,  liver  and  magnum  were  found  to  be  the  primary 
retention  sites  for  vanadium  administered  orally  to  laying  hens 
(Sell  and  others  1986) . The  authors  also  questioned  the 
possibility  of  vanadium  deposition  in  the  eggs  sufficient  to 
cause  deterioration  in  albumen  quality.  No  was  detected  in 
eggs  produced  24-48  hours  after  the  oral  administration  of  the 
radioactive  material.  An  additional  trial  was  set  up  where 
different  amounts  of  ammonium  vanadate  in  a buffer  solution  were 
injected  into  freshly  laid  eggs.  After  storage  at  13 °C  for  2 
days,  the  Haugh  units  of  these  eggs  as  well  as  those  of  the  eggs 
that  had  no  or  only  buffer  injections  were  measured.  No 
significant  differences  were  observed  among  these  treatments  and 
it  was  concluded  that  poor  albumen  quality  due  to  vanadium 
feeding  was  not  a result  of  vanadium  deposition  in  the  eggs  (Sell 
and  others  1986) . 

In  an  attempt  to  counteract  the  detrimental  effects  of 
vanadium  on  egg  quality,  Benabdeljelil  and  Jensen  (1990)  used 
ascorbic  acid  and  chromium  in  separate  feeding  studies.  In  the 
first  part  of  their  study.  White  Leghorn  layers  were  fed  four 
different  levels  of  vanadium  (0,  10,  30,  100  ppm)  supplied  within 
their  basal  diet.  Although  egg  weight,  shell  breaking  strength 
and  shell  thickness  were  not  affected  by  any  of  the  vanadium 
levels,  egg  production  and  albumen  quality  (measured  as  Haugh 
units)  decreased  as  concentration  of  vanadium  increased.  Body 
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weight  and  feed  consumption  were  observed  to  be  significantly 
reduced  for  vanadium  levels  higher  than  10  ppm.  Next,  two  levels 
of  vanadium  (0  and  10  ppm)  were  used  in  a 2 x 4 factorial  design 
with  four  levels  of  ascorbic  acid  (0,  100,  1000  and  5000  ppm) . 
Feed  intake,  body  weight,  and  egg  production  were  not 
significantly  affected  by  ascorbic  acid  or  vanadium,  although 
there  was  a significant  interaction  term  for  egg  weight.  The 
authors  reported  significant  increase  in  Haugh  units  due  to 
ascorbic  acid,  the  opposite  due  to  vanadium  and  a significant 
interaction  term  of  the  two  additives.  As  little  as  100  ppm 
ascorbic  acid  reduced  the  negative  effects  of  10  ppm  vanadium  on 
albumen  quality.  Although  the  egg  breaking  strength  was  depressed 
significantly  by  vanadium,  ascorbic  acid  did  not  have  any  effect 
on  it.  Shell  thickness  remained  unaffected  by  vanadiiim  or 
ascorbic  acid.  The  other  part  of  the  study  involved  the  addition 
of  chromium  at  0,  10,  50  ppm  levels  to  a diet  containing  10  ppm 
vanadium  and  at  0,  30,  150  ppm  levels  to  a diet  with  30  ppm 
vanadium.  The  results  obtained  failed  to  show  any  effect  of 
chromium. 

It  is  not  clearly  understood  how  the  composition  of  the  diet 
influences  the  response  of  animals  to  vanadium.  However,  certain 
suggestions  are  available:  interference  with  vanadium  absorption 
(Sell  and  others  1986) , interactions  with  other  mineral  elements, 
increased  body  elimination  or  reduction  of  the  toxicity  of 
vanadium  in  the  tissues  (Benabdel jelil  and  Jensen  1990)  . 
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In  a study  with  chicks  where  radioactive  vanadium  was  fed  to 
determine  target  organs,  it  was  observed  that  addition  of  EDTA  as 
a chelator  decreased  the  concentration  of  vanadium  in  the  liver, 
kidney,  bone  and  marrow  tissues.  To  understand  whether  this 
reduction  was  due  to  increased  excretion  or  decreased  absorption, 
the  researchers  used  rats  in  a similar  feeding  study.  It  was 
observed  that  there  was  less  vanadium  in  the  urine  but  more  in 
the  feces  compared  to  the  control  group  which  did  not  receive 
EDTA  supplementation.  Since  it  is  the  absorbed  vanadium  that  is 
excreted  via  the  kidneys  and  the  unabsorbed  vanadium  goes  through 
the  intestines,  the  authors  concluded  that  less  vanadium  was 
absorbed  in  the  presence  of  EDTA.  Similar  to  the  chick  study,  the 
overall  result  of  EDTA  feeding  with  the  vanadium  diets  was  a 
reduction  of  radioactive  vanadium  in  liver,  kidney,  bone  and 
marrow  tissues  of  rats  (Hathcock  and  others  1964)  . 

Toussant  and  Latshaw  (1994) , examined  the  time  elapsed  before 
any  effects  of  vanadium  on  interior  egg  quality,  egg  production, 
egg  weight  and  body  weight  gain  could  be  observed.  Haugh  units 
decreased  almost  immediately,  in  3 days,  in  response  to  the  diet 
containing  20  mg  added  vanadium  per  kg.  Maximum  depression  was 
observed  in  13  days,  and  increasing  the  supplemental  vanadium  to 
30  mg/kg  diet  did  not  alter  this  response  even  after  43  days  of 
further  exposure.  Egg  production,  feed  consumption  and  body 
weight  were  affected  differently  than  the  interior  quality  in 
that,  these  changes  became  evident  later  and  decreased  further 
with  increased  vanadium  supplementation  on  the  15th  day  of  the 
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study.  Egg  weight  was  not  lowered  by  vanadium  until  the  last 
quarter  of  the  56-day  study. 

The  authors  argued  that  the  different  time-frame  of  the 
development  of  the  toxic  effects  and  varying  response  of  the 
variables  to  higher  levels  of  vanadium  support  for  distinct 
actions  of  vanadiiom.  They  also  pointed  to  the  evidence  gathered 
in  the  second  half  of  the  56-day  period,  where  ascorbic  acid  was 
added  at  three  levels  (0,  low:  500  then  1500  mg/  kg  diet,  high: 
1000  then  3000  mg/  kg  diet)  to  diets  containing  two  levels  of 
vanadium  (0  and  30  mg/  kg  diet)  after  the  development  of  vanadium 
toxicosis.  The  treatment  groups  receiving  ascorbic  acid 
supplement  in  addition  to  vanadium  had  higher  egg  production 
rates  and  egg  weight  than  that  group  receiving  the  vanadium 
supplement  only.  Another  point  the  authors  mentioned,  but  did  not 
give  enough  details,  was  the  foaming  properties  in  response  to 
vanadium  and  ascorbic  acid.  The  foaming  properties  (overrun, 
defined  as  the  ratio  of  the  volume  of  the  foam  at  the  end  of 
mixing  to  the  volume  of  the  albumen  before  mixing,  and  foam 
stability)  were  tested  on  eggs  randomly  selected  during  the  final 
3-day  period  of  the  entire  56-day  study.  Although  the  vanadium 
group  showed  lower  foam  stability  and  higher  overrun  compared  to 
the  control  group,  no  improvements  were  recorded  with  the 
addition  of  high  or  low  levels  of  ascorbic  acid. 

Investigating  the  presence  of  any  alleviating  effects  of 
certain  additives  is  important  for  those  conditions  under  which 
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it  would  be  economical  to  use  phosphate  sources  containing  high 
levels  of  vanadium. 

Numerous  studies  have  focused  on  the  effects  of  vanadium  on 
such  traits  as  egg  production,  interior  egg  quality  described  in 
terms  of  Haugh  units,  shell  quality,  feed  consumption,  and  body 
weight  of  layers.  One  recent  study  investigated  the  effect  of 
dietary  vanadium  on  the  shell  color  of  brown  eggs  obtained  from 
broiler  breeders  (Sutly  and  others  2001) . The  authors  reported 
increase  in  eggshell  luminosity  (less  pigment)  in  eggs  collected 
from  birds  fed  50  and  100  ppm  vanadium  compared  to  control  eggs. 
However,  no  studies  have  been  done  to  investigate  the  effects  of 
vanadium  on  the  shell  pigmentation  of  brown  eggs  obtained  from 
commercial-type  egg  layers. 


CHAPTER  3 

CHANGES  IN  THE  BROWN  SHELL  COLOR  AS  THE  HEN  AGES 
Egg  production  in  a chicken  normally  begins  between  16-18 
weeks  after  hatching,  depending  on  the  breed  and  the  season 
(Jacob  and  others  1998b) . As  the  hen  gets  older,  the  eggs  she 
lays  increase  in  size.  The  commercial  Hy-Line  brown  hens,  for 
example,  start  with  eggs  weighing  40  grams  on  average.  Egg  size 
increases  sharply  within  the  first  8 weeks  after  the  onset  of  the 
laying  period.  Although  the  rate  of  increase  slows  down,  eggs 
keep  getting  larger  for  another  20  weeks.  From  then  on,  the  egg 
size  of  the  Hy-Line  Brown  layers  level  off  at  66-67  grams,  on 
average  (Hy-Line  International  2002) . 

The  fact  that  this  increase  in  egg  size  translates  into  a 
"fairly  constant"  amount  of  shell  being  deposited  around  a larger 
surface  area  has  been  underlined  in  reports  addressing  the 
problems  of  shell  quality  in  an  aging  flock  (Butcher  and  Miles 
1991) . With  the  same  reasoning,  the  pigments  of  the  eggshell  are 
deposited  on  a larger  area  as  the  layer  ages.  No  evidence 
suggests  a variation  in  the  volume  of  pigment  produced  according 
to  egg  size  (Solomon  1997) . Besides,  the  capacity  of  the  shell 
gland  pouch  to  produce  the  pigment  declines  with  age  as  well  as 
with  disease  (Solomon  1997) . As  a result,  the  color  of  shells  on 
eggs  from  a given  flock  turns  paler  with  time  (Solomon  1997,  Lang 
and  Wells  1987) . A year-round  structurally  and  chemically  uniform 
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egg  supply  was  favorable  even  in  the  1960s  (Cunningham  and  others 
1960) . In  spite  of  the  economic  losses  caused  by  variations  in 
the  shell  pigmentation,  the  changes  in  the  shell  color  as  the 
hens  age  have  not  been  studied  systematically  (Lang  and  Wells 
1987)  . 

The  objective  of  this  study  was  to  measure  and  quantify  the 
changes  in  the  shell  color  of  eggs  from  commercial  brown  egg 
layers  during  the  first  ten  months  of  production. 

Materials  euid  Methods 
Chickens  and  Egg  Collection 

This  study  was  designed  to  follow  the  eggshell  color  for  each 
bird,  individually,  during  the  laying  cycle  of  10  months.  For 
this  purpose,  240  Hy-Line  W36  brown  layers  were  housed  in 
individual  cages.  The  hens  were  25  weeks  old  at  the  beginning  of 
the  study.  A corn/soybean  meal  based  diet  that  included  the 
vitamins  and  minerals  supplemented  at  levels  recommended  by  the 
National  Research  Council  (1994)  was  fed  to  the  chickens.  The 
hens  had  ad  libitum  access  to  feed  and  water.  The  source  of 
grain,  soybean  meal  and  all  other  ingredients  was  the  same 
throughout  all  experiments  involved  in  this  research. 

Starting  on  November  2000, each  month  3 eggs  were  collected 
from  each  hen  on  3 consecutive  days.  The  eggs  from  hens  that  did 
not  lay  consecutively  on  these  three  days  were  obtained  on  either 
the  4'^*’  or  the  5*^^  day.  After  being  marked  with  the  parent  hens' 
number,  the  eggs  were  refrigerated  in  dark  until  use.  None  of  the 
eggs  were  stored  for  more  than  a week.  This  was  repeated  each 
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month  until  September  2001,  for  10  months.  Eggs  were  not 
collected  in  December  2000  (2"'^  month)  due  to  human  error  caused 
by  miscommunication  among  researchers. 

Color  Analysis 
Measurement  of  color 

Color  images  of  a set  of  three  eggs  obtained  from  each  hen  in 
a given  month  were  captured  using  a color  machine  vision  (CMV) 
system.  The  CMV  system  consisted  of  a light  box,  an  analog  color 
video  camera,  a frame  grabber  and  a personal  computer  (Luzuriaga 
and  others  1997) . 

The  rectangular  light  box,  which  aimed  to  provide  uniform  and 
constant  lighting  conditions  for  every  sample,  was  42.4  cm  wide, 

61  cm  deep  and  68.6  cm  high.  It  was  made  of  100%  clear  acrylic 
safety  glazing  sheets  that  had  been  painted  white  (flat  white  No. 
1502,  Krylon,  Sherwin  Williams  Co.,  Solon,  OH)  to  reflect  light 
in  all  directions  so  that  shadows  could  be  minimized.  The  linear 
light  sources  consisted  two  45.7  cm  long,  15-watt  Chroma  50 
fluorescent  lights  (F15T8-C50,  General  Electric,  Cleveland,  OH) 
aligned  parallel  to  each  other.  The  bulbs  were  located  at  the  top 
of  the  light  box  and  they  were  separated  from  the  chamber  by  a 
6.35  mm  thick,  white  translucent  Polycast  acrylic  sheet  (No. 

2247,  Polycast  Technology  Corp.,  Stanford,  CT) . The  51%  light 
transmission  property  of  this  sheet  provided  diffused  light 
inside  the  chamber.  For  more  details  on  the  design  of  the  light 
box,  the  readers  are  referred  to  Luzuriaga  (1995) . 
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A charged  couple  device  (CCD)  video  camera  (Sony  SSC-S20, 
Sony  Corp.,  Japan)  positioned  between  the  two  light  bulbs 
captured  24-bit  color  images  of  the  samples.  The  camera  settings, 
used  to  have  an  as  close  as  possible  match  between  the  color  of 
the  image  and  the  color  of  the  sample,  were  as  follows: 
Brightness=  151,  contrast=158 , hue=7,  and  saturation=202 . Through 
the  S-video  output  of  the  camera,  analog  signals  were  sent  to  a 
color  frame  grabber  (Matrox  Meteor,  Matrox,  Canada)  in  the 
computer.  With  its  accompanying  software,  the  frame  grabber 
digitized  the  analog  signals  into  640  x 480  pixel  images. 

Every  day  of  the  study,  three  eggs  from  a given  hen  were 
placed  on  the  bottom  surface,  blunt  ends  facing  the  door  of  the 
light  box.  Circular  pads  with  a hole  in  the  middle  and  a sticky 
back  were  used  to  make  sure  that  the  eggs  would  not  roll  away  as 
the  image  was  being  captured.  The  pads  also  marked  the  location 
of  each  egg  so  that  the  eggs  were  placed  on  the  same  line  in  all 
images.  A color  tile  was  positioned  on  an  L-shaped  wooden  stand 
to  minimize  specular  reflection  off  of  its  surface  (Figure  3-1) . 
The  location  of  the  tile  was  also  kept  constant  in  all  images  by 
a mark  that  showed  the  exact  position  of  the  wooden  stand  in  the 
light  box.  The  captured  images  were  saved  as  '.tiff'  files  under 
names  that  corresponded  to  the  hens'  cage  numbers.  Overall,  the 
color  of  the  shells  of  3 eggs  from  240  hens  was  measured  each 
month.  This  was  repeated  for  9 months  (1®*^,  3'^'^  -lO'^^  months)  . 
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Calibration  and  extraction  of  color  data 

A one-point  color  calibration  was  used  to  correct  for 
possible  differences  between  the  images  due  to  changes  in  the 
light  source  or  changes  in  the  camera's  sensitivity  (Luzuriaga 
1999) . This  involved  the  comparison  of  the  average  L*a*b*  values 
of  the  color  tile  saved  in  each  image  file  with  known  L*a*b* 
values  of  the  tile.  The  difference  was  applied  to  all  the  objects 
in  the  image.  L*a*b*  values  of  the  orange  tile  against  which  the 
color  of  all  eggs  were  standardized  were  61.94,  43.48,  50.66, 
respectively.  These  values  are  the  averages  of  the  values  of  the 
same  tile  in  50  different  images.  The  calibrated  images  were 
saved  for  further  analysis. 

The  color  analysis  software  that  was  used  for  calibration 
reads  RGB  values  of  each  pixel  and  converts  them  to  L*a*b* 
values.  If  desired,  the  RGB  readings  can  also  be  converted  to 
color  block  data.  A 512-color  block  system  that  reduced  the  more 
than  16  million  colors  of  the  RGB  system  into  512  colors  was  used 
for  the  color  analysis  of  the  eggshells. 

After  the  color  block  data  for  all  eggs,  in  all  time  points 
were  combined,  those  blocks  that  represented  the  color  of  more 
than  10%  of  the  surface  area  of  at  least  one  egg  were  selected 
for  statistical  analysis.  There  were  27  such  color  blocks. 

In  addition  to  the  color  block  data,  the  average  L*  a*  b* 
values  were  also  obtained  from  the  Color  Analysis  software  after 


calibration. 
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Figure  3-1.  Color  Machine  Vision  System  with  eggs  and  color  tile 

Statistical  Analyses 

The  eggshell  color  data  for  each  hen  were  the  average  of  the 
color  values  of  3 eggs  obtained  from  that  hen  in  a given  month. 

Analysis  of  color  block  data 

Principal  Component  Analysis  (PCA)  was  used  in  an  attempt  to 
reduce  the  dimensions  of  the  color  block  data.  However,  it  was 
seen  that  as  many  as  19  dimensions  (19  principal  components) 
would  have  to  be  used  to  explain  more  than  95%  of  the  variation 
in  color  blocks  data.  As  a result,  dimension  reduction  desirable 
for  further  analysis  of  the  data  was  not  achieved.  Therefore, 
further  statistical  analysis  was  not  performed  on  the  color  block 


data . 


52 


Analysis  of  the  L* , a* , b*  data 

Average  CIE  Lab  (L*  a*  b*)  values  obtained  from  the  Color 
Analysis  software  were  used  to  study  the  changes  in  eggshell 
color  with  hens'  age.  A mixed  linear  model  where  time  is  the 
fixed  effect  and  the  chicken  is  the  random  effect  was  employed. 
The  model  was  implemented  with  the  mixed  procedure  (PROC  MIXED) 
of  the  SAS®  System  (v8,  Cary,  NC) . PROC  MIXED  makes  it  possible 
to  analyze  repeated  measures  data  correctly  by  "providing  valid 
standard  errors  and  efficient  statistical  tests"  (Littell  and 
others  1998) . 

Repeated  measures  data  involve  responses  taken  from  the  same 
animal  over  time.  Owing  to  the  common  contribution  from  the  same 
animal,  the  responses  at  individual  times  will  be  correlated. 

This  is  due  to  variation  between  the  animals.  Besides,  this 
correlation  will  be  higher  if  the  measures  are  taken  close  to 
each  other  in  time  (covariation  within  animals) . Similarly,  there 
may  also  be  a change  in  the  variances  of  repeated  measures  with 
time.  As  a result,  the  covariance  structure  (variances  at 
individual  times  and  correlation  between  measures  on  the  same 
animal  at  different  times)  of  repeated  measures  data  can  be 
rather  complicated.  Univariate  analysis  of  variance  and  analysis 
of  contrast  variables  ignore  or  avoid  the  covariance  issues  of 
repeated  measures  data.  This,  in  turn,  produces  incorrect 
conclusions  or  inefficient  analyses.  Therefore,  the  general 
linear  mixed  model,  which  addresses  the  covariance  structure 
problem,  is  a more  appropriate  approach. 
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The  first  step  in  the  mixed  model  methodology  is  to  model  the 
covariance  structure.  Different  structures  can  be  fit  to  the  data 
and  the  one  that  provides  the  best  fit  as  indicated  by  the 
goodness  of  fit  criteria  in  the  PROC  MIXED  output  is  the  one  to 
be  used  in  the  rest  of  the  analyses.  The  next  step  is  to  analyze 
time  trends  by  estimating  and  comparing  means  (Littell  and  others 
1998) . At  each  step,  once  a time  trend  model  for  the  means  has 
been  specified,  fitting  the  model  involves  both  estimating  the 
trend  model  parameters  and  re-estimating  the  covariance 
structure . 

Where  required,  least  square  means,  rather  than  means,  were 
computed  because  they  are  not  only  the  best  estimates  of  effects 
in  mixed  models  but  also  they  have  higher  precision.  Also,  they 
are  better  predictors  in  the  long  run.  Multiple  comparisons  of 
the  least  square  means  were  carried  out  with  adjustments  such  as 
the  Bonferroni  adjustment  to  prevent  the  inflation  of  the 
experiment-wise  Type  I error  rate. 

Results  and  Discussion 

For  the  lightness  (L*)  data,  the  1®*^  order  autoregressive 
structure  within  animals  (AR  (1) ) gave  the  best  fit  as  determined 
by  the  Akaike  information  criterion  (AIC) . The  AR(1)  structure 
involves  correlation  of  the  responses  from  the  same  animal  at 
different  time  points.  Another  implication  of  the  AR(1)  structure 
is  that  this  correlation  decreases  exponentially  as  the  lag  time 
between  the  time  points  increases.  Covariance  parameter  estimates 
from  this  model  are  given  in  Table  3-1.  The  between  animal 
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variance  is  17.60,  and  the  within  animal  variance  is  10.87.  That 
is,  61.8  % of  the  total  variability  in  the  L*  data  is  due  to  the 
variability  from  chicken  to  chicken.  The  variability  within  each 
chicken,  throughout  the  period  of  the  study,  accounts  for  38.2% 
of  the  total  variability  in  L* . The  autoregressive  correlation 
coefficient  is  highly  significant,  but  not  very  high  (0.51).  It 
shows  the  correlation  between  the  responses  from  the  same  chicken 
at  two  consecutive  time  points.  As  the  period  between  the  two 
time-points  increases,  the  correlation  between  two  responses  of 
the  same  chicken  decreases  exponentially  (Figure  3-2) . 

Table  3-2  shows  the  contribution  of  the  time  effect  to  L*. 

The  average  lightness  for  a given  month  is  the  Siam  of  the 
intercept  term  and  the  estimate  for  that  month.  The  standard 
error  corresponding  to  each  month' s fixed  effect  estimate  is  also 
reported.  The  t-  and  p-values  (P)  are  the  results  of  the  t-test 
that  indicate  that  fixed  effect  estimates  of  months  are 
significantly  different  from  zero.  Overall,  this  table  shows  that 
the  lightness  of  the  eggshells  increases  with  time.  The  plot  of 
the  change  in  lightness  with  the  hens'  age  is  shown  in  Figure  3- 
3.  The  vertical  bars  show  the  standard  error  associated  with  each 
estimate.  There  is  a jump  from  the  L*  value  recorded  at  the  onset 
of  laying  for  the  young  chickens.  The  lightness  of  the  eggs 
increases  through  the  first  five  months.  Between  the  6*^^  and  the 
9*^*’  months,  the  mean  L*  values  are  not  significantly  different 
from  each  other.  However,  this  does  not  mean  the  L*  values  reach 
a plateau  as  evidenced  by  the  significant  increase  observed  in 
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the  10th  month.  The  differences  have  been  determined  by  the 
LSMEANS  statement  in  PROC  MIXED.  In  order  to  take  the  post-hoc 
nature  of  these  comparisons  into  account,  the  Bonferroni 
adjustment  has  been  used. 


Table  3-1.  Covariance  parameter  estimates  obtained  with  AR  (1) 


covariance  structure 


Covariance 

parameter 

Estimate 

Standard  error 

P 

Chicken 

17.6074 

1.9394 

< 0.0001 

AR  (1) 

0.5153 

0.03067 

< 0.0001 

Residual 

10.8682 

0.6584 

< 0.0001 

Figure  3-2.  Correlation  between  two  responses  of  the  same  chicken 
at  different  time  points 


The  contribution  of  the  chickens  to  the  L*  values  has  also 
been  provided  by  SAS.  However,  the  data  are  too  large  for 
tabulation.  Instead,  the  histogram  in  Figure  3-4  has  been 
generated.  In  Figure  3-4,  the  x-axis  shows  the  contribution  of 
each  hen  to  the  L*  value  of  its  egg.  Other  contributors  to  the  L* 
value  of  a given  egg  are  from  the  month  (fixed  effect)  and  the 
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Table  3-2.  Solution  for  fixed  Effects  (L*) 


Effect 

Month 

Estimate 

Standard 

Error 

df 

t value 

Pr>| t 1 

intercept 

75.4077 

0.3478 

239 

216.80 

< 

0.0001 

month 

1 

(nov) 

-13.4222 

0.3076 

1860 

-43.64 

< 

0.0001 

month 

3 

( jan) 

-3.9274 

0.3043 

1860 

-12.91 

< 

0.0001 

month 

4 

(feb) 

-5.2088 

0.3023 

1860 

-17.23 

< 

0.0001 

month 

5 

(mar) 

-4.7535 

0.2996 

1860 

-15.87 

< 

0.0001 

month 

6 

(apr) 

-2.2816 

0.2945 

1860 

-7.75 

< 

0.0001 

month 

7 

(may) 

-2.4666 

0.2840 

1860 

-8.68 

< 

0.0001 

month 

8 

( jun) 

-1.8375 

0.2623 

1860 

-7.00 

< 

0.0001 

month 

9 

(jul) 

-2.1662 

0.214 

1860 

-10.12 

< 

0.0001 

month 

10 

(aug) 

0 

• 

• 

. 

. 

overall  mean  for  the  flock.  The  y-axis  indicates  the  percent  of 
hens  contributing  the  to  the  L*  value  with  the  corresponding 
amount  on  the  x-axis.  The  chickens'  contribution  follows  a normal 
distribution  (Kolmogorov-Smirnov  test,  P >0.150).  Owing  to  the 
first  order  autoregressive  model  that  was  fitted  to  the  data,  the 
contribution  of  the  chickens  follows  this  distribution  without 
changes  in  the  mean  or  the  variance  throughout  the  entire  study. 


Figure  3-3.  Fixed  effects  estimates  (L*) . 
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The  covariance  parameter  estimates  obtained  when  the  same 
analyses  were  carried  out  for  the  a*  value  (redness) , are  given 
in  Table  3-3.  The  between  animal  variance  is  10.32,  and  the 
within  animal  variance  is  10.58.  The  autoregressive  correlation 
coefficient  is  0.39.  The  variance  between  chickens  is  lower  for 
a*,  compared  to  that  for  L*,  although  the  within-chicken 
variances  for  the  two  responses  are  comparable.  The  percent  of 
the  total  variability  accounted  for  by  the  within-chicken 
variance  is  50.6%.  The  rest  (49.4%)  is  due  to  variability  from 
chicken  to  chicken.  Within-chicken  variance  made  up  a lower 
percent  of  variation  in  the  L*  data  (38.2%).  The  autoregressive 
correlation  coefficient,  which  shows  the  correlation  between  two 
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measurements  on  the  same  animal  in  consecutive  time  points,  is 
also  lower  for  a*  than  it  is  for  L* . 

Table  3-3.  Covariance  parameter  estimates  obtained  with  AR  (1) 


covariance  structure  (a*) 


Covariance 

Parameter 

Estimate 

Standard  Error 

P 

Chicken 

10.3188 

1.1964 

< 0.0001 

AR  (1) 

0.3885 

0.02963 

< 0.0001 

Residual 

10.5832 

0.5036 

< 0.0001 

Table  3-4  shows  the  effect  of  time  on  a*.  As  also  seen  in 
Figure  3-5,  the  change  in  the  a*  values  was  in  the  opposite 
direction  of  the  change  in  L*  value.  The  a*  values  decreased  with 
months,  whereas  the  L*  values  showed  an  increasing  trend  over 
time,  indicating  an  overall  decrease  in  the  pigmentation  of  the 
eggs  with  hens'  age. 

The  a*  value  does  not  reach  a plateau  and  is  still  decreasing 
in  the  10*^“^  month,  as  was  the  case  for  the  L*  value.  In  fact  the 
decline  from  the  9'"'’  month  a*  value  to  the  10'"'  month  a*  value 
(3.31  units)  is  very  close  to  the  drop  from  the  5"''  months  to  the 
6th  (3.38).  Had  the  experiments  been  extended  beyond  the  10'^*' 
month,  it  could  be  possible  to  see  if  the  trend  of  sudden  drop 
followed  by  about  constant  levels  of  a*  value  repeated  itself 
periodically. 

Figure  3-6  shows  the  distribution  of  the  random  effects  of 
chicken  on  a*.  According  to  the  Kolmogorov-Smirnov  test,  there  is 
not  enough  evidence  (P  = 0.012)  to  suggest  the  presence  of  a 


normal  distribution. 
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Table  3-4.  Solution  for  fixed  effects  (a*) 


Effect 

month 

Estimate 

Standard 

Error 

df 

t value 

P 

Intercept 

18.1213 

0.2991 

239 

60.59 

< 0.0001 

month 

1 

4.8771 

0.3048 

1860 

16.00 

< 0.0001 

month 

3 

5.7018 

0.3019 

1860 

18.88 

< 0.0001 

month 

4 

6.6063 

0.3008 

1860 

21.96 

< 0.0001 

month 

5 

6.3077 

0.3000 

1860 

21.02 

< 0.0001 

month 

6 

2.9244 

0.2982 

1860 

9.81 

< 0.0001 

month 

7 

1.1792 

0.2928 

1860 

4.03 

< 0.0001 

month 

8 

2.0942 

0.2783 

1860 

7.52 

< 0.0001 

month 

9 

3.3086 

0.2370 

1860 

13.96 

< 0.0001 

month 

10 

0 

• 

• 

- 

• 

Figure  3-5.  Fixed  effects  estimate  (a*) 


The  percent  of  the  total  variability  explained  by  the  within 
chicken  variance  in  the  b*  value  data  is  43.0%  (Table  3-5) . Thus, 
it  is  lower  than  that  observed  for  the  a*  data  and  higher  than 
that  observed  for  the  L*  data.  The  correlation  among  the 
responses  in  consecutive  months  from  the  same  chicken  is  0.25. 
This  correlation  value,  although  still  significant,  is  the  lowest 
obtained  among  the  color  dimensions.  That  is,  compared  to  the  L* 
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and  a*  values,  the  b value  of  an  egg  in  a given  month  from  a 
certain  hen  is  affected  the  least  by  the  b*  value  of  the  previous 
month's  eggs  from  the  same  hen. 


Table  3-5.  Covariance  parameter  estimates  obtained  with  AR  (1) 


covariance  structure  (b*) 


Covariance 

Parameter 

Estimate 

Standard  Error 

P 

Chicken 

4.3880 

0.4613 

< 0.0001 

AR  (1) 

0.2546 

0.02896 

< 0.0001 

Residual 

3.3128 

0.1312 

< 0.0001 

The  fixed  effect  of  months  on  the  b*  value  (Table  3-6)  is 
plotted  in  Figure  3-7.  This  component  of  color  changes  less  than 
the  other  components  with  hens'  age.  After  the  l®*^  month,  it 
fluctuates  around  a level  of  27.2.  The  distribution  of  the  random 
chicken  effect  on  the  b*  value  approximates  a normal  distribution 
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as  shown  in  Figure  3-8.  The  Kolmogorov-Smirnov  test  rejects  the 
hypothesis  of  a normal  distribution  (P  < 0.01)  and  this  is  also 
evident  from  the  P-P  plot  shown  in  Figure  3-8. 


Table  3-6.  Solution  for  fixed  effects  (b*) 


Effect 

month 

Estimate 

Standard 

Error 

df 

t value 

P 

Intercept 

26.5013 

0.1813 

239 

146.17 

< 0.0001 

month 

1 

-6.3237 

0.1710 

1860 

-36.99 

< 0.0001 

month 

3 

1.1327 

0.1693 

1860 

6.69 

< 0.0001 

month 

4 

1.1043 

0.1687 

1860 

6.55 

< 0.0001 

month 

5 

0.8289 

0.1687 

1860 

4.91 

< 0.0001 

month 

6 

0.2688 

0.1685 

1860 

1.59 

< 0.0001 

month 

7 

-0.3284 

0.1675 

1860 

1.96 

< 0.0001 

month 

8 

0.8263 

0.1634 

1860 

5.06 

< 0.0001 

month 

9 

1.4029 

0.1463 

1860 

9.59 

< 0.0001 

month 

10 

0 

- 

• 

• 

• 

Figure  3-7.  Fixed  effects  estimates  (b*) 


The  results  for  the  egg  weight  show  that  the  within-chicken 
variability  of  egg  weight  is  the  lowest  among  the  five  (L*,  a*, 
b*,  egg  weight,  shell  weight)  attributes  studied.  The  variability 
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between  the  chickens  accounts  for  70%  of  the  total  variability  of 
egg  weight  data  and  the  rest  is  due  to  variations  within  a 
chicken  (Table  3-7) . The  correlation  between  weight  of  the  eggs 
from  a given  bird  in  two  consecutive  months  is  0.32.  As  the  lag 
between  the  months  increase,  this  correlation  decreases 
exponentially,  as  discussed  previously. 


Figure  3-8.  Distribution  of  random  effects  estimates  (b*) 


The  solution  for  the  fixed  effects  of  months  on  egg  weight  is 
given  in  Table  3-8.  Egg  weight,  as  was  the  case  for  the  L*  and 
the  b*  values,  is  remarkably  low  in  the  first  month  of  the  study. 
Starting  with  the  5*^*^  month,  the  increase  in  egg  weight  stops 
(Figure  3-9) . As  evidenced  by  the  confidence  intervals  adjusted 
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by  the  Bonferroni  method,  mean  egg  weights  after  the  month  are 
not  significantly  different  from  each  other. 


Table  3-7.  Covariance  parameter  estimates  obtained  with  AR  (1) 


covariance  structure  (egg  weight) 


Covariance 

Parameter 

Estimate 

Standard  Error 

P 

Chicken 

14.9716 

1.5013 

< 0.0001 

AR  (1) 

0.3191 

0.0303 

< 0.0001 

Residual 

6.4320 

0.2799 

< 0.0001 

Table  3-8.  Solution  for  fixed  effects  (egg  weight) 


Effect 

month 

Estimate 

Standard 

Error 

df 

t value 

P 

Intercept 

66.6441 

0.3010 

239 

221.41 

< 0.0001 

month 

1 

-7.8113 

0.2376 

1862 

-32.17 

< 0.0001 

month 

3 

-1.0066 

0.2355 

1862 

-4.27 

< 0.0001 

month 

4 

0.0542 

0.2346 

1862 

0.23 

0.8175 

month 

5 

0.9548 

0.2345 

1862 

4.07 

< 0.0001 

month 

6 

0.7929 

0.2338 

1862 

3.39 

0.0007 

month 

7 

0.7561 

0.2312 

1862 

3.27 

0.0011 

month 

8 

0.3553 

0.2229 

1862 

1.59 

0.1111 

month 

9 

0.4030 

0.1946 

1862 

2.07 

0.0385 

month 

10 

0 

• 

• 

• 

• 

The  random  effect  of  chickens  follows  a normal  distribution 
(Kolmogorov-Smirnov  goodness  of  fit  test  for  normal  distribution, 
P >0.150).  The  histogram  in  Figure  3-10  shows  the  distribution  of 
this  effect. 

The  linear  mixed  model  applied  to  the  eggshell  color 
attributes  and  egg  weight  has  also  been  applied  to  the  shell 
weight.  The  data  was  not  recorded  in  the  first  month.  Therefore, 
the  shell  weight  data  consists  of  measurements  taken  between  the 
3"'^  and  the  lO*"^  months  of  lay.  Table  3-9  shows  that  the  variation 
between  chickens  and  the  variation  within  chickens  account  for 
58.6%  and  41.4%  of  the  total  variability  in  shell  weight  data. 
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respectively.  The  first  order  autoregressive  correlation 
coefficient  is  0.2974.  This  correlation  decreases  exponentially 
as  the  lag  between  the  experimental  time  increases. 


Figure  3-9.  Fixed  effects  estimates  (egg  weight) 


The  fixed  effect  of  time  on  shell  weight  is  significant  in 
all  months  (Table  3-10) . Shell  weight  increases  until  the  5th 
month,  after  which  there's  a constant  decline  with  the  exception 
of  the  9th  month. 

The  distribution  of  the  chicken-random  effect  is  normal,  as 
indicated  by  the  Kolmogorov-Smirnov  goodness  of  fit  test  for 
normality  (P  >0.0150).  This  is  also  evident  in  the  histogram 
shown  in  Figure  3-12. 
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Figure  3-10.  Distribution  of  random  effects  estimates  (egg 
weight) . 


Table  3-9  Covariance  parameter  estimates  obtained  with  AR  (1) 


covariance  structure  (shell  weight) 


Covariance 

Parameter 

Estimate 

Standard  Error 

P 

Chiclcen 

0.1283 

0.01368 

< 0.0001 

AR  (1) 

0.2974 

0.0323 

< 0.0001 

Residual 

0.09064 

0.004129 

< 0.0001 

Table  3-10.  Solution  for  fixed  effects  (shell  weight) . 


Effect 

month 

Estimate 

Standard 

Error 

df 

t value 

P 

Intercept 

5.8767 

0.03058 

237 

192.19 

< 0.0001 

month 

3 

0.1785 

0.02798 

1637 

6.38 

< 0.0001 

month 

4 

0.3332 

0.02786 

1637 

11.96 

< 0.0001 

month 

5 

0.4224 

0.02785 

1637 

15.17 

< 0.0001 

month 

6 

0.2622 

0.02779 

1637 

9.43 

< 0.0001 

month 

7 

0.2298 

0.02754 

1637 

8.35 

< 0.0001 

month 

8 

0.1102 

0.02666 

1637 

4.14 

< 0.0001 

month 

9 

0.2282 

0.02346 

1637 

9.73 

< 0.0001 

month 

10 
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Figure  3-11  Fixed  effects  estimates  (shell  weight) 
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In  order  to  see  if  there  was  a linear  relationship  between 
the  color  components  (L*a*b*),  Pearson  correlation  coefficients 
were  calculated.  Table  3-11  shows  these  correlations  among  the 
color  components  for  a given  month  in  the  columns  2-4.  Column  5 
shows  the  correlation  of  L*  a*  b*  values  for  the  last  month  and 
L*  value  of  the  nth  month  indicated  in  the  1st  column  of  that 
row.  Columns  6 and  7 show  similar  coefficients  for  a*  and  b* 
values.  Accordingly,  there  is  a consistently  significant  negative 
correlation  between  the  L*  and  a*  values  within  a given  month.  As 
lightness  increases,  a*  (redness)  decreases.  In  contrast,  the 
correlation  between  L*  and  b*  for  a given  month  is  non- 
significant for  most  months.  Where  this  correlation  is 
significant,  it  may  be  either  positive  or  negative.  However,  the 
L*  and  b*  correlation  is  weak  overall. 

The  correlations  between  a*  and  b*  within  a given  month  are 
significant  for  all  months  but  one.  As  redness  increases 
(positive  a*  values) , so  does  yellowness  (positive  b*  values) . 
However,  this  correlation  is  not  as  strong  as  the  correlation 
between  L*  and  a* . 

When  the  color  data  from  each  month  are  correlated  to  that 
from  last  month,  it  is  observed  that  starting  with  the  3rd  month 
significant  correlations  are  obtained.  The  first  month's  L*a*b* 
values  are  not  correlated  to  the  last  month's  values  at  all.  It 
should  be  recalled  at  this  point  that  the  first  month  is  when  the 
chickens  are  starting  to  lay,  and  that  the  eggs  are  small. 
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Table  3-11.  Pearson  correlation  coefficients  of  L*  a*  b*  values 
across  months’'. 


month 

(n) 

Corr 

( Ln  t 3-n) 

Corr 
{ ) 

Corr 

t>n) 

Corr 

(Ln,  Lio) 
(Ln,  Uio) 
(hn,  bio) 

Corr 
(3nf  hio) 
(Sn,  Uio) 
(^n/  bio) 

Corr 
(bn  f bio ) 
(bn,aio) 
(bn/  bio ) 

0.05 

-0.01 

0.07 

1 

-0.75* 

0.14* 

0.40* 

-0.02 

-0.01 

-0.08 

-0.04 

0.01 

-0.07 

0.64* 

-0.53* 

0.03 

3 

-0.90* 

0.04 

0.26* 

-0.58* 

0.56* 

0.12 

-0.08 

0.24* 

0.55* 

0.64* 

-0.58* 

0.03 

4 

-0.83* 

0.26* 

0.08 

-0.55* 

0.57* 

0.13* 

-0.04 

0.24* 

0.57* 

0.67* 

-0.60* 

0.02 

5 

-0.87* 

0.11 

0.24* 

-0.56* 

0.60* 

0.15* 

-0.05 

0.25* 

0.64* 

0.79* 

-0.57* 

0.01 

6 

-0.81* 

-0.08 

0.46* 

-0.72* 

0.58* 

0.11 

-0.16* 

0.29* 

0.60* 

0.84* 

-0.78* 

-0.18* 

7 

-0.90* 

-0.09 

0.35* 

-0.77* 

0.79* 

0.37* 

-0.16* 

0.34* 

0.79* 

0.81* 

-0.73* 

-0.19* 

8 

-0.92* 

-0.19* 

0.41* 

-0.73* 

0.74* 

0.35* 

-0.13* 

0.28* 

0.69* 

0.83* 

-0.78* 

-0.08 

9 

-0.91* 

0.05 

0.24* 

-0.72* 

0.76* 

0.25* 

-0.03 

0.24* 

0.70* 

10 

-0.93* 

-0.26* 

0.48* 

- 

- 

- 

’ The  asterisk  indicates  a significant  correlation  at  a = 0.05. 


Overall,  the  significant  correlations  in  Table  3-11  show  that 
lighter  laying  chickens  will  be  laying  lighter  eggs  in  the 
future.  Lighter  eggs  (higher  L*)  correspond  to  less  redness  (a*), 
both  in  the  present  and  the  future.  The  b*  values  (yellowness)  of 
the  eggs  are  not  correlated  to  L*  values  in  the  past  or  the 
future . 

In  order  to  examine  the  relationship  between  the  colors  of 
eggs  in  two  given  months,  canonical  correlations  were  computed 
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among  the  data  from  last  months  and  one  other  month.  This  was 
repeated  until  each  one  of  the  previous  8 months  was  correlated 
with  the  last  month.  The  canonical  coefficients  obtained  are 
shown  in  Table  3-12. 


Table  3-12.  Canonical  correlation  coefficients,  r,  for  color  (L* 


a*  b*)  data  from  a given  month  and  the  last  month's 
color  data'^.  


r (vi,wi) 

r (V2,W2) 

r (V3,W3) 

1®*^  month-10*^^  month 

0.14 

0.08 

0.05 

3"^^  month-lO’^'^  month 

0.68* 

0.56* 

0.35* 

4*^*'  month-lO’^^  month 

0.66* 

0.60* 

0.14* 

5*^^  month-10*^^  month 

0.70* 

0.65* 

0.32* 

6*^^  month-10*^^  month 

0.80* 

0.65* 

0.15* 

7*^^  month- 10*^^  month 

0.85* 

0.78* 

0.27* 

8*^^  month-lO*'^  month 

0.83* 

0.69* 

0.35* 

9*^^  month-10'^*'  month 

0.86* 

0.70* 

0.34* 

^ The  asterisk  indicates  a significant  correlation  at  a = 0.05. 


In  Table  3-12,  the  vl,  v2,  v3  and  wl,  w2,  w3  are  linear 
combinations  of  the  L*  a*  b*  values  in  the  given  month  and  in  the 
last  month,  respectively.  These  linear  combinations  serve  to 
correlate  the  set  of  L*  a*  b*  values  from  a given  month  to  the 
set  of  L*  a*  b*  values  in  the  last  month.  Accordingly,  the 
correlations  between  the  color  of  the  eggs  in  two  different  time 
points  increase  as  the  points  get  closer  to  each  other  in  time. 

The  Pearson  and  canonical  correlations  indicate  that  although 
there  is  a linear  relationship  between  the  L*a*b*  values  from 
different  months,  this  relationship  is  not  very  strong  for  any  of 
the  combinations. 

In  an  attempt  to  utilize  this  linear  relationship  between  the 
color  of  eggshells  in  the  last  month  with  the  color  in  the 
preceding  months,  multiple  linear  regression  was  performed. 
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Linear  equations  with  predictor  variables  of  L*a*b*  in  a given 
month  and  response  variable  of  each  of  L*a*b*  in  the  lO*^*^  month 
were  obtained.  However,  only  those  equations  with  L*a*b*values  in 
months  6,7, 8, 9 as  predictor  variables  could  explain  more  than  50% 
of  the  variation  in  the  last  months  color  data.  Results  for  these 
months  are  shown  in  Table  3-13.  The  correlations  and  regression 
equations  indicate  that  although  there  are  linear  relationships 
between  the  color  of  the  last  month  with  the  preceding  months, 
these  relationships  are  not  strong  enough  to  enable  good 
prediction  of  the  color  of  the  eggshells  in  the  last  (a  future) 
month  based  on  the  previous  color  of  the  shells. 

The  change  in  the  eggshell  color  as  the  layer  ages  is 
attributed  to  the  increase  in  egg  size  without  an  accompanying 
increase  in  pigment  production.  As  a result,  more  shell  surface 
is  covered  with  a given  amount  of  the  pigment  as  the  hen  gets 
older.  Figure  3-13  shows  the  change  in  L*  a*  b*  values  corrected 
by  the  egg  size.  The  reason  for  the  presence  of  the  power  term  in 
the  correction  is  to  convert  from  a function  of  volume  (egg 
weight)  to  a function  of  area. 

The  change  in  the  corrected  L*a*b*  values  from  one  month  to 
the  next  has  been  found  to  be  statistically  significant  in  some 
of  the  comparisons.  However,  it  should  be  remembered  that  very 
high  degrees  of  freedom,  such  as  the  one  in  these  analyses 
(1856),  act  as  magnifying  glasses  that  signify  differences  that 
are  not  practically  different.  When  regression  lines  are  fitted 
to  the  data  points  in  Figure  3-13,  it  was  observed  that  the 


71 


Table  3-13.  Multiple  linear  regression  equations  estimating  the 


last  months  L*a*b*  values  based  on  those  in  the 
indicated  month 


Months 

Multiple  Linear  Regression  Equations 

6 

Lio  = -4.5+1.04L6+0.20a6-0.01b6,  R^  = 0.63 

aio  = 77.8-0.84L6-0.15a6+0.19b6,  R""  = 0.53 

bio  = 33.4-0.27L6-0.26a6+0.70b6,  R^  = 0.41 

7 

Lio  = 17.1+0.87L7+0.0003a7-0.20b7,  R^  = 0.72 

aio  = 43.1-0.55L7+0.19a7+0.43b7,  R^  = 0.68 

bio  = 12.3-0.09L7-0.05a7+0.82b7,  R^  = 0.63 

8 

Lio  “ 1 . 2+1 . OOL0+ 0 . 2 5^8“  0 . 1 6b0  / = 0.66 

aio  = 44.6-0.51L8+0.11a8+0.33bg,  R''  = 0.58 

bio  = 4.3-0.01L7-0.01a7+0.77b7,  R"  = 0.63 

9 

Lio  = 11.7+0.95L9+0.13a9-0.32b9,  = 0.70 

aio  = 33.6-0.46L9+0.28a9+0.45b9,  R^  = 0.60 

bio  = 0.2-0.02L7-0.07a7+0.84b7,  R^  = 0.49 

values  obtained  for  both  corrected  L*  and  corrected  a*were 
0.76.  The  regression  line  for  L*  had  a slope  of  0.043  whereas 
that  for  a*  was  -0.047.  Thus,  each  month  witnessed  an  increase  of 
1%  and  a decrease  4%  for  the  corrected  L*  and  corrected  a*, 
respectively.  Corrected  b*  values  did  not  show  consistent  trends 
in  time  as  indicated  by  the  poor  of  the  regression  line. 

Shell  weight  was  also  used  in  a similar  fashion  to  correct 
the  L*a*b*  values  for  the  changes  in  egg  size.  However,  the 
results  showed  relatively  larger  slopes  for  the  changes  in  L*  and 
a*  corrected  by  the  shell  weight.  The  R^  of  the  regression  line 
for  the  b*  value  corrected  by  shell  weight  was  even  smaller  than 
that  obtained  for  the  b*  corrected  by  egg  weight.  Because  of 
these  reasons  and  because  this  analysis  lacked  the  first  months 


data,  the  results  are  not  shown  here. 
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• L*/(egg  weight)  ^'0 . 67 

• a*/ (egg  weight) ''0 . 67 

• b*/{egg  weight) ''0 . 67 


123456789  10 

Months 

Figure  3-13.  Change  in  shell  color  after  the  correction  for  the 
change  in  egg  size 

In  order  to  provide  a visual  image  of  the  change  in  eggshell 
color.  Figure  3-14  was  generated.  Each  egg  shown  has  L*a*b* 
values  approximately  equal  to  the  mean  L*a*b*  values  obtained  in 
the  indicated  month.  The  steep  rise  in  lightness  and  yellowness 
from  the  month  (November)  to  the  3'^'^,  the  decrease  in  redness 
from  the  5'"*'  month  (March)  to  the  (April)  and  from  the  9'"^ 

month  (July)  to  the  lO*"^  are  visible  in  this  figure. 

One  practical  use  of  the  results  presented  in  this  chapter  is 
the  calculation  of  sample  sizes  to  be  used  in  similar  studies  of 
eggshell  color.  In  a two-stage  sampling  set-up,  where  the  first 
stage  is  the  sampling  of  the  chickens  and  the  second  stage  is  the 
sampling  of  the  eggs,  the  equations  (1)  and  (2)  can  be  used  to 
determine  the  sample  size  of  eggs  and  chickens,  respectively 
(Fortier,  personal  communication) . 
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Figure  3-14.  Eggs  with  L*a*b*  values  representative  of  the  mean 
L*a*b*  values  recorded  in  each  month. 


where, 

Ci:  The  cost  for  sampling  a first-stage  unit  (chicken), 

C2:  The  cost  of  sampling  a second  stage  unit  (egg)  once  the  first 
stage  unit  has  been  obtained. 
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Si^  and  82^:  The  first  and  second  stage  population  variances, 

M;  The  number  of  second  stage  units  in  each  first  stage  unit, 
itiopt:  The  optimum  number  of  second  stage  units  measured  from  each 
of  the  first  stage  units  in  the  sample. 


'^opt 


(2) 


Ci+C2m„p, 


where, 

C:  The  overall  cost  of  the  study,  defined  by  C = Cin  + C2nm, 
nopt:  The  estimate  of  the  first-stage  sampling  units. 

The  Equation  2 calculates  the  optimum  sample  size  for 
chickens  based  on  the  cost  and  the  sample  size  of  eggs  obtained 
from  Equation  1.  Another  way  to  determine  the  sample  size  is  by 
using  a desired  level  of  relative  precision 


n„  = 


t"  s" 

2H2 
r X 


(3) 


where, 

r:  The  relative  precision, 

: The  sample  mean, 

Si^:  The  population  variation. 

Equations  3 and  1 were  used  to  calculate  the  number  of 
chickens  to  be  used  in  an  experiment  and  the  number  of  eggs  to  be 
sampled  from  each  chicken.  The  results  are  shown  in  Table  3-14. 

Equation  3 was  solved  with  iterations  for  5%  relative 
precision.  The  sample  mean  is  one  of  the  intercept  terms  in 
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Tables  3-2,  3-4,  and  3-6.  Population  variance  is  the  between 
chicken  variance  shown  in  the  first  row  of  Tables  3-1,  3-3,  and 
3-5  for  L*,  a*,  and  b*,  respectively.  Type  I error  rate  (a)  was 
set  to  0.05. 

The  first  and  the  second  stage  variances  in  Equation  1 are 
the  between-chicken  and  within-chicken  variances,  respectively. 
Their  estimates  are  given  in  Tables  3-1,  3-3,  and  3-5  for  L*,  a*, 
and  b*,  respectively.  The  ratio  of  the  cost  of  first  stage 
sampling  (establishing  the  hen  house,  buying  layers,  flock 
management)  to  the  cost  of  second  stage  sampling  (obtaining  eggs 
from  already  established  layers)  was  assumed  to  be  100.  For  M, 
which  stood  for  the  number  of  eggs  that  can  be  obtained  from  each 
hen,  15  was  used,  based  on  the  assumption  that  each  hen  would  lay 
an  egg  a day  in  a 15-day  study.  However,  it  was  observed  that  the 
same  results  are  obtained  for  larger  values  of  M,  even  for  M-.“. 
The  sample  sizes  for  egg  weight  and  shell  weight,  calculated  with 
numbers  from  Tables  3-7,  3-8,  3-9  and  3-10,  are  also  included  in 
Table  3-14  for  the  sake  of  completeness. 

Table  3-14.  Sample  sizes  required  to  estimate  the  L*a*b*  of 


eggshells 


Number  of... 

L* 

a* 

b* 

Egg  weight 

Shell  weight 

Chickens,  no 

8 

51 

13 

8 

9 

Eggs,  moot 

8 

11 

9 

7 

9 

The  sample  size  required  to  estimate  the  mean  redness  of  egg 
shells  within  5%  of  the  true  mean  has  turned  out  to  be  the 
largest  when  compared  to  the  requirements  for  L*  and  b* . This  is 
because  the  variability  between  the  chickens  relative  to  the 


76 


sample  mean  is  the  largest  for  a*.  However,  it  is  not  a large 
sample  size  compared  to  the  number  chickens  housed  for  research 
studies.  Also,  it  should  be  remembered  that  the  sample  sizes 
calculated  are  valid  for  studies  that  involve  a single  strain  of 
brown  egg  layers  since  presence  of  hens  from  different  strains 
would  increase  the  variability  in  the  data. 

Conclusion 

The  changes  in  the  shell  color  of  brown  eggs  obtained  from 
commercial-type  egg  layers  in  their  first  production  year  were 
studied.  It  was  observed  that  time  had  a significant  effect  on 
all  three  components  of  shell  color:  L*,  a*,  and  b*.  L*  increased 
in  time,  indicating  an  increase  in  the  lightness  of  shell  color. 
The  a*  value  decreased,  overall,  as  the  hens  aged.  This  meant  a 
reduction  in  the  redness  of  shells,  since  shell  color  had  a* 
values  on  the  positive  side  of  the  axis.  The  b*  values,  all  being 
positive,  indicated  yellowness.  Unlike  the  L*  and  the  a*  values, 
changes  in  this  component  were  not  substantial.  The  shells  of  the 
eggs  laid  within  the  first  month  were  very  dark  in  color  compared 
to  those  obtained  later.  The  drastic  difference  between  the  first 
month  and  the  following  months  was  also  observed  for  egg  weight, 
as  was  expected  based  on  the  previous  literature. 

The  color  components  of  brown  eggshells  were  found  to  be 
correlated  to  a certain  extent.  The  correlation  of  the  redness 
with  the  lightness  is  stronger  than  the  correlation  between  the 
redness  and  yellowness.  Future  studies  relating  the  concentration 
of  the  pigment (s)  to  the  L*a*b*  values  of  the  eggshells  are 


77 


recoinmended  for  a better  understanding  of  the  correlation  among 
the  color  components. 

Hens  that  lay  eggs  with  poor  quality  shells  at  the  beginning 
of  the  laying  cycle  will  have  eggs  with  poor  shell  quality  later 
in  the  laying  cycle  (Miles,  personal  communication) . Similarly, 
the  correlations  of  the  lightness  in  the  last  month  with  those  in 
the  previous  months  suggested  that  the  hens  that  lay  eggs  with 
less  pigment  on  the  shell  (lighter)  would  continue  to  lay  lighter 
eggs  in  the  future.  However,  the  linear  relationships  between  the 
color  components  of  the  last  month  with  those  of  the  preceding 
months  were  not  strong  enough  to  enable  good  prediction  of  the 
color  of  the  eggshells  in  the  future. 

When  the  color  components  were  corrected  by  egg  weight  for 
the  change  in  egg  size  with  hens'  age,  they  were  found  to  be 
practically  stable  in  time.  This  quantified  the  hypothesis  that 
about  the  same  amount  of  pigment  that  the  hen  could  produce  would 
be  distributed  on  a larger  area,  resulting  in  paler  eggs  from 
older  hens. 

The  results  of  this  study  can  be  useful  for  producers  who,  at 
such  a time  when  uniformity  of  food  products  are  very  much 
desired,  face  economic  losses  due  to  variations  in  shell 
pigmentation . 

Another  group  of  audience  that  could  benefit  from  the 
findings  described  in  this  chapter  is  the  group  of  researchers 
interested  in  the  study  of  color  of  foods  of  animal  origin.  The 
variability  of  the  L*,  a*,  b*  values  from  animal  to  animal,  or 
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within  an  animal,  and  the  sample  sizes  required  to  estimate  them 
can  be  useful  in  the  experimental  design  of  future  studies. 


CHAPTER  4 

QUALITY  OF  BROWN  EGGS  AS  AFFECTED  BY  THE  VANADIUM  IN  THE  HENS' 

DIET 

The  minerals  supplemented  to  the  rations  of  chickens  are 
generally  obtained  from  natural  processed  ores,  or  as  by-products 
of  industrial  processes.  Contaminating  elements  may  thus  be 
introduced  in  to  the  diet  if  poor  mineral  sources  are  used  (Henry 
and  Miles  2001) . For  example,  phosphorus  sources  are  known  to  be 
the  cause  of  excessive  vanadium  in  various  types  of  animal  diets 
(Berg  1963,  Romoser  and  others  1960) . Sullivan  and  others  (1994) 
found  vanadium  levels  ranging  from  36  to  185  ppm  when  they 
studied  mineral  composition  of  commercially  available  feed 
phosphates  of  both  domestic  and  foreign  (Russia,  Poland,  Japan) 
origin.  Another  study  (Lima  and  others  1995)  obtained  comparable 
mean  (134  vs  139  ppm)  and  range  (2-195  ppm)  of  vanadium  levels  in 
commercial  sources,  mostly  from  Brazil. 

National  Research  Council  (1994)  recommends  the  presence  of 
very  low  levels  of  vanadium  in  the  poultry  diet;  maximum 
tolerance  level  has  been  reported  as  10  ppm  (Henry  and  Miles 
2001)  . 

Vanadium  in  the  diet  of  chickens  has  been  shown  to  be 
detrimental  to  egg  production,  interior  quality  (albumen  height) , 
body  and  egg  weight,  and  feed  consumption.  Eyal  and  Moran  (1984) 
reported  a decrease  in  albumen  height  and  Haugh  units  accompanied 
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by  an  increase  in  the  proportion  of  the  outer  thin  albumen  at  the 
expense  of  the  inner  thin  albumen.  Sell  and  others  (1982) 
observed  that  although  there  was  no  change  in  egg  production  or 
feed  consumption  when  the  diet  contained  9.9  ppm  V,  vanadium  at 
higher  levels  (29.9  and  38.5  ppm)  depressed  both  egg  production 
and  feed  consumption.  All  three  levels  caused  a significant 
reduction  in  albumen  quality  within  the  first  7 days  of  feeding. 
In  the  4-week  recovery  period  that  followed  the  4-week  vanadium 
feeding  period,  all  but  one  group  maintained  their  initial  egg 
production  and  feed  consumption  rates,  as  well  as  albumen 
quality.  The  38.5ppm  V group  still  suffered  significant  lower  egg 
production  and  notably  lower  albumen  quality.  The  second  part  of 
their  study,  which  involved  lower  levels  of  vanadium,  suggested 
that  the  vanadium  concentration  required  to  induce  a consistent 
decline  in  albumen  quality  was  between  4 and  6 ppm  and  that  7.9 
ppm  vanadium  resulted  in  near  maximum  reduction  in  albumen 
quality  with  little  influence  from  additional  vanadium. 

Bone,  kidney,  liver  and  magnum  were  found  to  be  the  primary 
retention  sites  for  vanadium  administered  orally  to  laying  hens 
(Sell  and  others  1986) . Eyal  and  Moran  (1984)  suggested  the 
decrease  in  magnum  weight  observed  in  hens  of  the  30  ppm  V group 
was  due  to  muscle  atrophy  which  was  in  turn  caused  by  decreased 
motility.  Toussant  and  others  (1995)  found  lower  magnum  fold 
height  in  the  hens  that  had  eggs  with  lower  Haugh  units,  either 
due  to  genetics  or  vanadium  in  the  diet. 
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Investigating  the  presence  of  any  alleviating  effects  of 
certain  additives  is  important  for  those  conditions  under  which 
it  would  be  economical  to  use  phosphate  sources  containing  high 
levels  of  vanadium.  Several  supplements  have  been  tested  for 
their  ability  to  counteract  the  detrimental  effects  of  vanadium: 
ascorbic  acid  (Benabdel jelil  and  Jensen  1990;  Ousterhout  and  Berg 
1981;  Toussant  and  Latshaw  1994),  chromium  (Benabdel jelil  and 
Jensen  1990;  Ousterhout  and  Berg  1981) , EDTA  (Ousterhout  and  Berg 
1981;  Hathcock  and  others  1964) . Interference  with  vanadium 
absorption  (Hathcock  and  others  1964;  Sell  and  others  1986) , 
interactions  with  other  mineral  elements,  increased  body 
elimination  or  reduction  of  the  toxicity  of  vanadium  in  the 
tissues  (Benabdel jelil  and  Jensen  1990)  are  the  suggested 
mechanisms  in  counteracting  the  effects  of  vanadiiom. 

Numerous  studies  have  investigated  the  effects  of  vanadium  on 
egg  production,  albumen  quality,  shell  quality,  feed  consumption, 
and  body  weight  of  layers.  One  recent  study  pointed  to  the  effect 
of  dietary  vanadium  on  the  shell  color  of  brown  eggs  obtained 
from  broiler  breeders  (Sutly  and  others  2001) . However,  no 
studies  have  been  done  to  investigate  the  effects  of  vanadium  on 
the  shell  pigmentation  of  brown  eggs  obtained  from  commercial- 
type  egg  layers. 

The  overall  objective  of  this  part  of  the  study  was  to 
investigate  the  quality  of  brown  eggs  from  commercial-type  egg 
layers  as  affected  by  vanadium  in  the  hens'  diet.  The  specific 
objectives  were: 
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• To  determine  if  vanadium  has  effects  on  shell  pigmentation  of 
eggs  obtained  from  brown  egg  layers 

• To  measure  changes  in  eggshell  color  as  a result  of  vanadium 
concentrations  of  100,  50,  30  and  15  ppm 

• To  measure  changes  in  Haugh  units  caused  by  these  levels  of 
vanadium 

• To  test  different  antioxidants  (vitamin  supplements  such  as 
vitamin  C,  vitamin  E)  for  their  ability  to  reverse  the 
changes  in  eggshell  pigmentation 

• To  determine  if  there  are  any  effects  of  dietary  vanadium  on 
the  foaming  properties  of  the  eggs 

• To  test  if  any  detrimental  effect  of  vanadium  on  foaming 
properties  can  be  reversed  by  the  supplementation  of  diets 
with  antioxidants. 

Materials  euid  Methods 
Experiment  1 and  Experiment  2 

This  study  consisted  of  two  parts:  The  first  and  second 
vanadium  feedings.  The  hens  had  ad  libitum  access  to  feed  and 
water  in  both  studies.  The  first  vanadium  feeding  experiment  was 
conducted  to  determine  if  vanadium  affected  the  eggshell  color  or 
the  foaming  properties  of  eggs.  One  hundred  and  twenty  commercial 
breed  layers  of  brown  eggs  (Hy-Line  International,  West  Des 
Moines,  Iowa)  housed  in  individual  cages  were  used  for  the  first 
vanadium  feeding.  From  a flock  of  500  hens,  3 eggs  were  collected 
from  each  bird;  and  the  pigmentation  was  recorded.  Based  on  the 
pigmentation  of  the  shells,  two  groups  of  hens  were  established: 
dark  brown  and  light  brown  layers.  Each  group  consisting  of  60 
hens  received  three  different  diets:  a corn/soybean  meal  diet 
that  was  prepared  according  to  the  NRC  recommendations,  the 
composition  of  which  is  given  in  Table  4-1,  and  two  diets  which 
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were  basal  diets  supplemented  with  ammonium  metavanadate  to 
provide  concentrations  of  50  and  100  ppm  V.  The  hens  eating  the 
basal  diet  served  as  control.  The  birds  were  62-week  of  age  at 
the  beginning  of  vanadium  feeding  and  64  at  the  end.  Egg  weight, 
albumen  height,  eggshell  color  and  foaming  properties  of 
individual  eggs  were  measured  on  the  first  three  consecutive  days 
after  the  onset  of  vanadium  feeding  and  every  three  days  after 
that  (days  1,2,3,6,9,12,15)  until  the  end  of  the  second  week. 

A different  flock  of  the  same  type  hens  was  used  for  the 
second  vanadium  feeding.  The  hens  were  38  weeks  old  at  the 
beginning  of  the  study.  Sixty  individually  caged  hens  received 
one  of  the  three  different  diets:  corn/soybean  meal  based  basal 
diet,  basal  diet  supplemented  with  ammonium  metavanadate  to 
provide  concentrations  of  15  or  30  ppm  V.  The  eggs  collected  on 
days  3,  6,  9 were  used  in  analyses.  This  part  of  the  study  will 
be  referred  to  as  Experiment  2a  from  this  point  on.  After  the 
eggs  were  collected  on  the  9*^*^  day,  the  diets  were  changed  so  that 
every  hen  was  fed  its  initial  feed  supplemented  with  one  of  the 
following:  none,  100  ppm  ascorbic  acid,  100  lU  Vitamin  E,  or  100 
ppm  p-carotene.  Eggs  collected  on  days  3,6,9,12,15  were  used  for 
analyses.  The  second  part  of  the  Experiment  2 that  involved 
vitamin  supplementation  of  vanadium  diets  will  be  referred  to  as 
Experiment  2b  from  this  point  on. 

All  methods  that  follow  are  common  to  both  feedings.  On  each 
experiment  day,  the  eggs  were  collected  and  brought  from  the 
Poultry  Science  Unit  to  our  laboratory.  Following  weighing,  the 
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images  of  the  eggs  were  acquired  using  the  machine  vision  system 
described  in  Chapter  3.  Then,  the  eggs  were  broken  out  to  measure 
the  albumen  height  with  a tripod  micrometer  (B.C.  Ames  Co., 
Waltham,  MA) . Those  eggs  to  be  tested  for  foaming  properties  were 
broken  out  first.  After  their  albumen  heights  were  recorded,  the 
yolks  were  separated  from  the  albumens  using  an  egg  separator. 
Haugh  units  (HU)  were  calculated  using  the  following  equation: 


HU  = 100xlog 


^/G(30W^•^'^-100)  ^ ^ g 
100 


(1) 


where  H is  the  albumen  height  (mm) , W is  the  egg  weight  (g) , and 
G is  the  gravitational  acceleration  (32.2  ft^/sec) . 


Table  4-1.  Corn/soybean  meal  based  diet  used  to  feed  commercial 


egg-type  laying  hens 


Ingredient 

Percentage  (wt) 

Ground  yellow  corn 

69.18 

Soybean  meal 

19.07 

Dicalcium  phosphate 

1.02 

Ground  limestone 

9.64 

Salt  (iodized) 

0.44 

Vitamin  premix^ 

0.27 

Mineral  premix^ 

0.27 

DL -methionine 

0.11 

TOTAL 

100 

^ Vitamin  premix  supplied,  per  kg  diet:  biotin,  0.2  mg ; 


cholecalciferol,  2200IU;  choline,  500;  ethoxyquin,  65  mg;  folic 
acid,  Img;  niacin,  60  mg;  panthothenic  acid,  15  mg;  pyridoxine, 
5mg;  riboflavin,  5mg;  thiamin,  3mg;  vitamin  A,  8000  lU;  vitamin 
B12,  0.02  mg;  vitamin  E,  20  lU;  and  vitamin  K,  2mg. 

^ Mineral  premix  supplied,  per  kg  diet:  copper,  10  mg; 
ethoxyquin,  65  mg,  iodine,  2 mg;  iron,  60  mg;  manganese,  90  mg; 
selenium,  0.2  mg  and  zinc,  80  mg. 

For  the  determination  of  foaming  properties,  three  eggs  from 
three  hens  from  each  diet  group  were  used.  Foaming  properties 
were  evaluated  on  an  individual  basis.  The  albumen  from  one  egg 


85 


was  collected  in  a beaker  and  then  weighed  into  a graduated 
cylinder.  The  volume  of  the  initial  liquid  was  recorded.  Then, 
using  a homogenizer  (VirTis  45,  Virtis  Corp,  Gardiner,  NY) , which 
had  been  modified  for  the  purposes  of  this  study,  the  albumen  was 
mixed  for  one  minute  at  a constant  speed  (setting:  20) . The  depth 
of  the  mixing  blade  from  the  surface  of  the  liquid  was  kept 
constant  for  all  eggs  (1  mm) . The  volume  of  the  foam  and  the 
volume  of  the  liquid  phase,  if  any,  were  read  30  seconds  after 
the  end  of  mixing.  The  volume  of  the  liquid  phase  was  measured 
once  more,  60  minutes  after  the  end  of  mixing.  The  method  was 
adapted  from  Chang  and  Chen  (2000)  who  used  the  following 
formulae  to  determine  percent  foam  capacity  (FC)  and  percent  foam 
stability  (FS) : 


/ \ FV 

FC  (%)  = xlOO 

ILV 


(2) 


/ ^ ILV-DV 

FS  (%)  = XlOO 

ILV 


(3) 


where,  DV  = LVM-LVS,  ILV  is  the  initial  liquid  volume  (ml) , FV  is 
the  foam  volume  (ml)  at  the  end  of  30  seconds,  LVM  is  the  volume 
(ml)  of  the  liquid  phase  after  60  minutes,  LVS  is  the  volume  (ml) 
of  the  liquid  phase  after  30  seconds,  and  DV  is  the  volume  (ml) 
of  drainage  during  the  60  minutes  after  mixing. 

Experiment  3 

This  experiment  was  designed  to  investigate  the  response  of 


the  eggshell  color  to  various  levels  of  vitamins  used  as 
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preventive  agents  fed  before  the  effects  of  vanadium  were 
established.  Forty-five  hens  of  the  same  commercial  type  were 
randomly  assigned  to  one  of  nine  diets: 

• basal  diet, 

• basal  diet  spiked  with  ammonium  metavanadate  to  provide  15 
ppm  V, 

• basal  diet  with  15  ppm  V supplemented  with  the  followings: 

o 100  ppm  p-carotene, 
o 100  ppm  Vitamin  C, 
o 100  lU  Vitamin  E, 

o a mixture  of  100  ppm  p-carotene,  100  ppm  Vitamin  C, 

100  lU  Vitamin  E, 
o 300  ppm  Vitamin  C, 
o 500  ppm  p-carotene, 
o 500  lU  Vitamin  E. 

Eggs  collected  on  days  8,9,10  were  used  for  analyses. 

Eggshell  color,  egg  weight,  and  albumen  height  were  measured  as 
described  previously. 

Statistical  Analyses 

A linear  mixed  model  with  1®*"  order  autoregressive  covariance 
structure  was  used  for  eggshell  color  and  albumen  quality  data 
from  Experiments  1 and  2.  Shade  was  used  as  a block  effect  in 
Experiment  1.  Foaming  properties  were  analyzed  using  general 
linear  model  as  a split-plot  design,  since  neither  the 
autoregressive  nor  the  compound  symmetry  structures  of  the  mixed 
model  were  fit  for  the  data.  Multiple  comparisons  of  the  least 
squares  means  were  carried  out  with  adjustments  such  as  the 
Bonferroni  adjustment  to  prevent  the  inflation  of  the  experiment- 
wise  Type  I error  rate.  All  statistical  analyses  were  done  using 
the  SAS  System  for  Windows,  Release  8.01  (SAS  Institute,  Cary, 
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The  color  and  albumen  quality  data  of  Experiment  3 were 
analyzed  using  ANOVA.  Due  to  the  small  sample  size  for  each 
treatment,  data  from  days  8,  9,  and  10  were  combined  to  test  for 
differences  among  the  treatment  means.  The  least  squares  means  of 
each  group  were  compared  to  that  of  the  control  group,  which 
consisted  of  hens  on  the  basal  diet. 

Results  and  Discussion 

Eggshell  Color 

Experiment  1 : Higher  levels  of  vanadium 

Feeding  the  hens  diets  supplemented  with  vanadium  resulted  in 
a negative  effect  on  eggshell  color.  Table  4-2  shows  results  of 
the  tests  for  the  effects  of  vanadium,  shade,  and  time  (days  of 
vanadium  feeding)  for  Experiment  1.  All  the  fixed  main  effects  on 
the  eggshell  color  are  significant  at  the  0.05  a-level.  The 
vanadium  level  by  shade  interaction  is  not  significant  indicating 
that  the  effects  of  a given  vanadium  level  on  the  L*,  a*,  or  b* 
values  of  dark  or  light  shades  are  the  same.  Similarly,  an 
insignificant  shade  by  day  interaction  indicates  that  the 
relative  change  in  the  lightness  of  an  eggshell  with  time  does 
not  depend  on  whether  the  egg  is  from  a chicken  that  typically 
lays  dark  or  light  eggs. 


Table  4-2.  P values  of  the  tests  for  fixed  effects  on  L*,  a*,  b* 


Effect 

L* 

a* 

b* 

V 

< 0.0001 

< 0.0001 

0.0049 

Shade 

< 0.0001 

< 0.0001 

0.0014 

V* shade 

0.6099 

0.6785 

0.6192 

Day 

< 0.0001 

< 0.0001 

< 0.0001 

V*Day 

< 0.0001 

< 0.0001 

0.0050 

Shade*Day 

0.4391 

0.0357 

< 0.0001 
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The  results  of  the  tests  for  the  polynomial  effects  of  time 
and  their  interaction  with  vanadium  level  and  shade  are  given  in 
Table  4-3.  The  results  given  in  Tables  4-2  and  4-3  will  be 
discussed  separately  for  the  L*a*b*  components  of  color  in  the 
text  to  follow. 


Table  4-3.  Linear  and  quadratic  effects  of  time  (day)  and  their 


interaction  with  the  other  fixed  effects  (P  value  of 
tests  for  the  effects  are  shown) . 


Effect 

L* 

a* 

b* 

Linear  Day 

< 0.0001 

< 0.0001 

< 0.0001 

Quadratic  Day 

< 0.0001 

0.0010 

0.0006 

Linear  Day*V 

< 0.0001 

< 0.0001 

0.0240 

Quadratic  Day*V 

< 0.0001 

< 0.0001 

0.0002 

Linear  Day*Shade 

0.8719 

0.0014 

< 0.0001 

Quadratic  Day*Shade 

0.8578 

0.7779 

0.1257 

Covariance  parameter  estimates  obtained  from  the  1®*^  order 
autoregressive  mixed  model  are  given  in  Table  4-4.  Accordingly, 
the  total  variation  in  lightness  of  eggshells  due  to  chickens  is 
22.1.  53.5%  of  this  variation  is  from  chicken  to  chicken,  and  the 
rest  is  variation  of  the  L*  values  of  eggs  from  a given  chicken. 
The  1®*^  order  auto-regression  coefficient  is  0.33.  This  means  that 
L*  values  of  the  egg  obtained  at  one  point  in  time  are  correlated 
with  the  L*  value  of  the  egg  from  the  same  chicken  in  the  next 
point  in  time  with  a coefficient  of  0.33.  This  is  a statistically 
significant  but  not  very  high  correlation,  and  it  decreases  as 
the  distance  between  the  time  points  increases.  The  total 
variation  in  a*  due  to  the  random  effect  of  chickens  is  30.7. 
About  half  of  this  is  the  variability  between  the  chickens,  and 
the  other  half  is  due  to  the  variability  within  a given  chicken. 
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The  redness  of  one  eggshell  from  a given  bird  and  the  redness  of 
another  eggshell  from  the  same  bird  at  the  next  time  point  are 
correlated,  with  a coefficient  of  0.37.  Compared  with  the  other 
components  of  color,  the  persistence  of  the  a*  value  is  the 
highest.  The  component  that  has  the  lowest  persistence  is  the  b* 
value.  The  total  variation  in  the  yellowness  of  the  eggshell  due 
to  the  random  effect  of  chickens  is  18.3.  49.0%  of  this  is  the 
variability  between  the  chickens,  and  the  rest  is  the  variability 
within  a given  chicken. 


Table  4-4.  Covariance  parameter  estimates  and  their  standard 
errors  obtained  with  AR  (1)  covariance  structure^ 


Covariance 

Parameter 

L* 

a* 

b* 

Estimate 

SE 

Estimate 

SE 

Estimate 

SE 

Chicken 

11.8544 

2.0233 

15.3855 

2.7534 

8.9581 

1.5255 

AR  (1) 

0.3300 

0.0586 

0.3681 

0.0573 

0.2324 

0.0589 

Residual 

10.2920 

0.8707 

15.2787 

1.3424 

9.3229 

0.6983 

: All  estimates  are  significantly  different  from  zero  based  on 
the  Wald  test  at  a = 0.05. 


Since  the  effects  of  the  level  of  vanadium  on  L*  are  not 
different  in  light  or  dark  shade  groups  (non-significant  vanadium 
by  shade  interaction) , it  is  appropriate  to  evaluate  the  combined 
results  from  both  light  and  dark  groups.  Figure  4-1  shows  the 
change  in  L*  value  of  eggshells  for  light  and  dark  shade  groups 
combined.  The  vertical  bars  indicate  the  corresponding  standard 
errors.  The  change  in  the  lightness  of  the  control  group  is  mere 
fluctuation,  as  evidenced  by  no  significant  differences  among  the 
mean  lightness  of  days  1 and  12,  or  1 and  15.  Table  4-5  shows  the 
least  squares  means  and  the  differences  between  them  on  a given 
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day.  Accordingly,  the  effect  of  vanadium  at  both  levels  is 
significant  on  the  3'"'^  day.  The  higher  level  of  vanadium  does  not 
cause  further  bleaching  of  the  eggshells  compared  to  the  50  ppm 
level . 


• control 
■ 50  ppm  V 
A 100  ppm  V 


Days  of  Vanadium  feeding 


Figure  4-1.  Changes  in  L*  value  of  eggshells  over  time  with 
different  levels  of  V in  the  hens'  diets  (LS 
meanslSE) 


When  the  polynomial  effects  of  time  on  the  lightness  of 
eggshells  were  tested,  linear  and  quadratic  terms  of  days  were 
found  to  be  significant  (Table  4-3) . Significance  of  the  linear 
time  effect  indicates  that  the  slope  of  the  L*  versus  days  plot 
is  significantly  different  from  zero.  That  is,  the  lightness  of 
eggshells  changes  with  time.  Significance  of  the  quadratic  term 
implies  the  curvatures  shown  in  Figure  4-1  are  statistically 
significant.  Accordingly,  the  rate  of  change  in  lightness 
decreases  with  time.  However,  the  lightness  does  not  stabilize 
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within  the  time  frame  of  the  experiment,  and  is  still  on  the  rise 
for  the  vanadium-fed  groups  on  the  15'^*'  day. 

Figure  4-2  shows  the  change  in  lightness  of  light  and  dark 
shells  with  time,  averaged  across  diets.  Since  the  shade  by  day 
interaction  is  not  significant  (Table  4-2),  both  the  slopes  and 
the  curvatures  of  the  change  in  L*  with  time  are  the  same  for 
both  shades. 


Table  4-5.  Change  in  L*value  of  the  eggshells  during  experiment 
1' 


Source 

Day  1 

Day  2 

Day  3 

Day  6 

Day  9 

Day  12 

Day  15 

Control 

73.6^ 

73.6^ 

72.6^ 

73.5^ 

73.6^ 

75.8^ 

75.8^ 

50  ppm  V 

74.2^ 

74.9^ 

77.5^ 

80.3*" 

81.8'" 

83.0'" 

85.2“" 

100  ppm  V 

73.7^ 

74.4^ 

16.6^ 

CO 

CM 

00 

83.5*" 

84.7'" 

85.1'" 

Least  squares  means  with  the  same  letter  in  a given  row  are  not 
significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


Vanadium  causes  a reduction  in  the  a*  value  of  eggshells 
(Figure  4-3) . That  is,  less  red  color  is  deposited  on  the 
eggshells  due  to  the  presence  of  vanadium  in  the  diet  for  longer 
than  3 days.  Although  in  the  opposite  direction,  the  change  in 
the  redness  of  the  eggshells  follows  a trend  similar  to  the 
change  in  lightness  in  that  the  change  in  the  higher  vanadium 
level  is  slightly  faster  than  the  lower  vanadium  level  group. 
However,  this  difference  between  the  two  vanadium  fed  groups  is 
not  significant.  Compared  with  the  50  ppm  vanadium,  100  ppm 
vanadium  in  the  diet  does  not  cause  further  decline  in  the  a* 
value  of  the  shell  (Table  4-6) . 

The  vanadium  by  shade  interaction  is  non-significant. 
Therefore,  the  effect  of  vanadium  on  the  amount  of  red  color 
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Table  4-6.  Change  in  a*  value  of  the  eggshells  during  Experiment 
1' 


Source 

Day  1 

Day  2 

Day  3 

Day  6 

Day  9 

Day  12 

Day  15 

Control 

19.1^ 

18.1^ 

19.7^ 

20.1^ 

18.5^ 

16.9® 

16.9® 

50  ppm  V 

18.7^ 

17.1^ 

15. 3^^ 

13.6*" 

10.7'" 

8.3*" 

6 . 6*" 

100  ppm  V 

19.5^ 

17.6^ 

15.6'" 

10. 8^^ 

8.6*" 

6.3*" 

7.5'" 

^ Means  with  the  same  letter  in  a given  row  are  not  significantly 
different  from  each  other  at  an  experiment-wise  error  rate  of 


0.05. 


deposited  on  the  shell  is  not  affected  by  the  typical  shell  color 
(dark  or  light)  of  the  egg  that  the  hen  lays.  Unlike  the 
interaction  of  the  shade  effect  with  the  vanadium  level,  the 
shade  by  day  interaction  is  significant  (P  =0.0357,  Table  4-2). 
This  significance  translates  into  light  and  dark  shade  groups 
having  different  trends  in  a*  with  respect  to  time.  In  Figure  4- 

4,  the  change  in  a*  with  respect  to  time  is  shown  for  the  two 
shade  groups.  Although  the  downward  trend  of  a*  in  both  groups 
are  parallel  at  the  beginning,  including  the  6*^^  day,  they  start 
diverging  from  each  other  from  the  day  on.  This  change  in 
slopes  is  also  supported  by  the  significant  shade  by  linear  day 
interaction  (Table  4-3)  . Starting  with  the  9*^^  day,  the  decrease 
in  the  a*  value  of  eggshells  are  faster  for  the  light  shells, 
compared  to  the  dark  shells. 

The  effect  of  vanadium  at  levels  up  to  100  ppm,  on  the  b* 
value  of  eggshells  over  time  is  shown  in  Table  4-7  and  Figure  4- 

5.  The  table  gives  the  treatment  means  that  are  different  from 


each  other  on  a given  day,  and  the  figure  shows  the  standard 
error  associated  with  each  mean.  Accordingly,  100  ppm  vanadium 
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affects  the  yellowness  of  the  shell  significantly  on  Days  6,  9 
and  12.  However,  this  effect  diminishes  on  the  last  day. 
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♦ ♦ 


12  15 


♦ Dark,  all  diets 
■Light,  all  diets 


Days  of  Vanadium  feeding 


Figure  4-2.  Significant  shade  effect,  day  effect  and  their  non- 
significant interaction. 


•control 
■ 50  ppm  V 
A 100  ppm  V 


Days  of  Vanadium  feeding 


Figure  4-3.  Changes  in  a*  value  of  eggshells  over  time  with 
different  levels  of  V in  the  hens'  diets 
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♦ Dark,  all  diets 
■ Light,  all  diets 


0 3 6 9 12  15 


Days  of  Viuiadiiim  feeding 


Figure  4-4.  Significant  shade  effect,  day  effect  and  their 

interaction  significant  at  an  a level  of  0.0357. 


Table  4-7.  Change  in  b*  value  of  the  eggshells  during  experiment 
1' 


Source 

Day  1 

Day  2 

Day  3 

Day  6 

Day  9 

Day  12 

Day  15 

Control 

25.3^ 

22.8^ 

23.5^ 

24.6® 

23.9® 

24.3® 

23.4® 

5 0 ppm  V 

24.6^ 

22.6^ 

22.0^ 

22.1®'" 

21.7®*" 

21.4®*" 

20.5® 

100  ppm  V 

25.4^ 

21.3^ 

21.4^ 

20.9'" 

20.0*" 

20.6'" 

21.9® 

1 Means  with  the  same  letter  in  a given  row  are  not  significantly 
different  from  each  other  at  an  experiment-wise  error  rate  of 


0.05. 

Both  the  linear  and  the  quadratic  time  trends  are 
significant.  That  is,  there  is  a significant  slope  term  and 
curvature  when  b*  is  plotted  against  time.  These  polynomial 
effects  in  time  are  different  from  one  diet  to  the  other,  as 
indicated  by  significant  interaction  of  vanadium  levels  with 
linear  day  and  quadratic  day  terms  (Table  4-3) . The  linear  day 
term  also  interacts  significantly  with  the  shade  effect.  This 
significant  interaction  is  evident  in  the  slopes  of  the  b*  versus 
time  plots  for  the  two  shade  groups  (Figure  4-6) . Accordingly, 
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• control 
■ 50  ppm  V 
A 100  ppm  V 


Figure  4-5.  Changes  in  b*  value  of  eggshells  over  time  with 
different  levels  of  V in  the  hens'  diets 


the  yellowness  of  the  light  eggs  decreases  faster  than  that  of 
the  dark  eggs.  One  interesting  point  here  is  that  the  light  and 
dark  eggs  have  similar  b*  values  at  the  beginning.  This  is  quite 
different  for  L*  and  a*  (Figures  4-2  and  4-4),  where  light  and 
dark  eggs  are  wide  apart. 

Experiment  2a:  Lower  levels  of  vanadiijm 

Since  no  differences  in  eggshell  color  were  observed  on  the 
first  2 days  of  the  first  feeding,  collections  were  made  starting 
with  the  day  in  Experiment  2.  The  lower  levels  of  vanadium 
used  in  this  part  also  caused  changes  in  the  eggshell  color. 

As  was  the  case  in  Experiment  1,  the  lightness  of  the 
eggshells  increased  with  vanadium  in  the  hens  diet  and  the  change 
became  evident  on  the  3’^'^  day  (Figure  4-7)  . 
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♦ Dark,  all  diets 
■ Light,  all  diets 


Days  of  Veuiadima  feeding 


Figure  4-6.  Significant  shade  effect,  day  effect  and  their 
significant  interaction 


The  higher  level  of  vanadium  resulted  in  L*-value  differences 
that  are  statistically  significant  from  control.  The  lower  level 
of  vanadium  caused  lightness  values  in  between,  not  statistically 
different  from  either  treatment  (Table  4-8) . The  hens  in  the 
second  vanadium  feeding  study  were  younger  than  those  in  the 
first  study.  Therefore,  the  L*  values  of  the  eggs  in  the  second 
study  are  darker  than  those  of  the  first  study  at  the  onset  of 
the  feeding. 


Table  4-8.  Change  in  L*  values  of  the  eggshells  during  Experiment 
2a^ 


Source 

Day  3 

Day  6 

Day  9 

Control 

65.7^ 

66.3^ 

66.7^ 

15  ppm  V 

67 . 6^*= 

70 . 2^^ 

70.3^*^ 

30  ppm  V 

70.4*= 

73. 6^^ 

74.6^ 

^ Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 
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• control 
■ 15  ppm  V 
A 30  ppm  V 


Days  of  Vanadiiim  feeding 


Figure  4-7.  Changes  in  L*  value  of  eggshells  over  time  with  lower 
levels  of  V in  the  hens'  diets.  Experiment  2a. 


The  redness  of  the  eggshells  decreased  with  30  ppm  vanadium 
in  the  hens  diet  (Figure  4-8) . The  lower  level  vanadium  tested  in 
this  study  did  not  cause  significant  differences  from  control, 
based  on  the  conservative  Bonferroni  adjustment  that  controls  the 
experiment-wise  type  1 error  rate  (Table  4-9) . Without  this 
adjustment,  the  a*  value  of  the  15  ppm  V group  is  significantly 
smaller  than  that  of  the  control  group  from  the  6*^^  day  on. 


Table  4-9.  Change  in  a*  value  of  the  eggshells  during  Experiment 
2a^ 


Source 

Day  3 

Day  6 

Day  9 

Control 

27.5^ 

26.3® 

26.1® 

1 5 ppm  V 

26.0®'" 

22.8® 

22.6® 

3 0 ppm  V 

22.3*" 

17.5*" 

16. 7^" 

^ Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05 
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• control 
■ 15  ppm  V 
A 30  ppm  V 


3 6 9 

Days  of  Vzuiadium  feeding 

Figure  4-8.  Changes  in  a*  value  of  eggshells  over  time  with 

different  levels  of  V in  the  hens'  diets,  Experiment 
2a 

The  b*  value  of  the  eggshells  was  not  affected  by  the 

vanadium  in  the  hens  diet  at  concentrations  of  either  15  or  30 

ppm.  Figure  4-9  shows  the  standard  error  bars  of  each  treatment 

mean,  although  not  large  in  magnitude,  covering  the  means  of 

other  treatments.  This  supports  the  result  that  there  are  no 

differences  in  any  of  the  means  conveyed  by  Table  4-10.  These 

results  agree  with  those  of  Experiment  1,  which  showed  no 

significant  differences  between  the  yellowness  of  eggshells  from 

hens  that  were  fed  50  ppm  vanadiiam  or  the  control  diet. 

Experiment  2b:  Lower  levels  of  vanadium  supplemented  with 
vitamins 

The  first  9 days  of  Experiment  2 served  to  establish  the 
effects  of  vanadium  before  the  vitamins  were  introduced.  The 
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Table  4-10.  Change  in  b*  value  of  the  eggshells  during  Experiment 


2a^ 


Source 

Day  3 

Day  6 

Day  9 

Control 

26.5^ 

26.7^ 

27.1^ 

15  ppm  V 

26.0^ 

27.0^ 

27.3^ 

30  ppm  V 

25.5^ 

27.1^ 

28.0^ 

^ Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05 


• control 
■ 1 5 ppm  V 
A 30  ppm  V 


Days  of  Vanadium  feeding 


Figure  4-9.  Changes  in  b*  value  of  eggshells  over  time  with 

different  levels  of  V in  the  hens'  diets.  Experiment 
2a 


results  of  vitamin  supplementation  of  vanadium  diets  are 
summarized  in  Table  4-11.  Accordingly,  L*  and  a*  respond  in  a 
similar  way  to  the  diets.  Both  the  lightness  and  the  redness  of 
the  eggshells  are  affected  by  vanadium  and  vitamins  in  the  diet, 
the  effect  of  vanadium  being  more  evident.  The  effect  of  vanadium 
diets  on  the  L*  and  a*  values  depends  on  the  type  of  the  vitamin 
included  in  it,  as  indicated  by  the  vanadium  by  vitamins 
interaction  term.  The  b*  value,  on  the  other  hand,  does  not 
respond  to  the  main  effects  of  vanadium  and  vitamins,  or  their 
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interaction.  The  main  effect  of  time  is  significant  for  all  color 
components.  Lightness  and  redness  changes  with  time  are  not 
functions  of  the  vanadium  level,  but  depend  on  the  vitamin 
included  in  the  diet. 

Table  4-12  shows  the  comparisons  of  the  overall  effect  of 
vanadium  pooled  over  vitamins  and  days.  It  supports  the  presence 
of  the  effects  of  vanadium  on  the  color  of  eggshells  that  were 
shown  (Tables  4-8,  4-9,  4-10)  to  have  established  before  the 
addition  of  vitamins  to  the  vanadium  diets. 


Table  4-11.  Results  of  the  tests  for  fixed  effects  on  L*,  a*,  b*, 
Experiment  2b  (P-values  are  shown) 


Effect 

L* 

a* 

b* 

V 

<0.0001 

<0.0001 

0.6314 

Vits 

0.0095 

0.0015 

0.3027 

V*Vits 

0.0570 

0.0658 

0.6222 

Day 

<0.0001 

0.0003 

0.0072 

V*Day 

0.2275 

0.1912 

0.0310 

Vits*Day 

0.0592 

0.0322 

0.0001 

Table  4-12.  Comparison  of  the  least  square  means  of  vanadium 


groups  pooled  over  vitamins  and  days.  Experiment  2b 


V (ppm) 

L* 

a* 

b* 

0 (control) 

67.2^ 

2 6.9^ 

2 6.3^ 

15 

70. 9^^ 

23.4^ 

25.7^ 

30 

74.4= 

19.2'" 

2 6.5^ 

Least  squared  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


Table  4-13  shows  the  comparisons  of  the  overall  effect  of 
each  vitamin  pooled  over  all  vanadium  levels  and  days.  A 
difference  from  control  test  revealed  that  only  vitamin  C 
resulted  in  significant  differences  from  L*  and  a*  levels 
obtained  without  vitamin  supplementation.  The  shells  of  the  eggs 
from  hens  that  were  fed  vanadium  and  vitamin  C had  L*  and  a* 
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values  (67.4  and  27.0,  respectively)  that  were  very  similar  to 
those  values  of  the  no  vanadiimi  group  (67.2  and  26.9, 
respectively)  shown  in  Table  4-12.  Thus,  vitamin  C restored  the 
lightness  and  the  redness  of  the  shells  to  their  original  levels. 
This  was  not  the  case  for  the  yellowness,  because  the  b*-value 
was  not  affected  by  vanadium  at  levels  used  in  this  part  of  the 
study  to  start  with  (Table  4-12) . 

Since  the  interaction  of  vanadium  levels  by  vitamins  by  days 
was  found  to  be  non-significant  for  L*  and  a*,  the  vanadium  by 
vitamins  interaction  does  not  vary  from  day  to  day.  Therefore, 
this  interaction,  pooled  over  days  is  shown  in  Table  4-14  and 
Figure  4-10  for  L*  and  in  Table  4-15  and  Figure  4-11,  for  a*. 


Table  4-13.  Comparison  of  the  least  squared  means  of  vitamins 
pooled  over  vanadium  groups  and  days.  Experiment  2b^ 


Vitamin 

L* 

a* 

b* 

none  (control) 

72.1 

20.3 

25.1 

(3-carotene 

72.4 

22.6 

26.7 

C 

67.4* 

27.0* 

26.2 

E 

71.4 

22.8 

26.6 

^ The  asterisk,  where  present,  indicates  difference  from  control 
at  an  experiment-wise  error  rate  of  0.05. 


Table  4-14.  Comparison  of  the  least  squared  means  (L*)  of 


vanadiiim  by  vitamins  interaction  pooled  over  days. 
Experiment  2b^ 


Vitamin 

Vanadium  (ppm) 

0 

15 

30 

none  (control) 

67.4^ 

70.5^*" 

78.5® 

|3-carotene 

66.0^ 

74.5® 

76. 6®^" 

C 

67.6^ 

65.2^ 

69.4*" 

E 

67.6^ 

73.3®'" 

73.4®*" 

^ Least  squared  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


Diets  that  had  no  vanadium  caused  no  differences  in  the 
lightness  of  eggshells  obtained  from  hens  that  were  on  different 
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vitamin  diets.  Thus,  it  was  seen  that  the  color  of  eggshells  did 
not  benefit  from  extra  vitamins  C and  E,  or  p-carotene  added  to 
the  basal  diets  of  the  hens.  With  vanadium  diets,  all  groups  but 
those  supplemented  with  Vitamin  C showed  increased  L*  values 
(Table  4-14) . Vitamin  C in  both  15  ppm  and  30  ppm  vanadium  diets 
prevented  more  than  11  units  increase  from  the  control  average 
(Table  4-12)  in  the  lightness  of  the  eggshells  that  the  other 
groups  showed.  The  multiple  comparisons  adjusted  with  the 
Bonferroni  method  showed  no  difference  between  the  Vitamin  C and 
the  Vitamin  E or  control  diets  at  the  15  ppm  vanadiiam  level.  When 
the  adjustment  was  not  used,  significant  differences  between 
Vitamin  C and  the  rest  were  observed  at  the  15  ppm  vanadium 
level.  Without  the  adjustment  at  the  30  ppm  vanadium  level 
Vitamin  C group  was  significantly  different  from  all  diets  but 
the  Vitamin  E diet. 

Vanadium  at  the  15  ppm  level  did  not  result  in  significantly 
lower  redness  of  the  eggshells,  when  tested  with  the  conservative 
adjustment  to  control  the  experiment-wise  Type  1 error  rate 
(Tables  4-9  and  4-12).  The  results  in  Table  4-15  agree  with  this. 
However,  looking  at  the  a*  value  of  the  group  that  had  15  ppm  V 
supplemented  with  Vitamin  C (28.1),  one  observes  that  it  is 
closer  to  the  a*  values  observed  in  the  no  vanadium  group  than  it 
is  to  those  in  the  15  ppm  vanadium  group.  This  is  also  evident  in 
Figure  4-11.  The  redness  of  the  eggshells  decreased  dramatically 
due  to  30  ppm  vanadium  in  the  hens  diet.  Vitamin  C spared  the 
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♦no  Vitamin 
Ap-carotene 
• Vit  C 
■Vit  E 


Vanadium  (ppm) 


Figure  4-10.  Change  in  L*  with  vanadium  concentration  for 

different  vitamin  supplementations.  Experiment  2b 


redness  of  the  eggshell.  Vitamin  E and  p-carotene  fed  groups  did 
not  suffer  from  such  big  differences  observed  in  the  30  ppm 
vanadium  group.  However,  the  a*  values  of  the  shells  from  these 
birds  were  lower  than  those  observed  initially. 


Table  4-15.  Comparison  of  the  least  squares  means  (a*)  of 


vanadium  by  vitamins  interaction  pooled  over  days. 
Experiment  2b^ 


Vitamin 

Vanadium  (ppm) 

0 

15 

30 

none  (control) 

25.4^ 

23.1® 

12.5® 

p-carotene 

28.5^ 

21.1® 

18.2®*" 

C 

27.6® 

28.1® 

25.3*" 

E 

26.2® 

21.6® 

20.8®*" 

^ Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


Experiment  3,  Supplementation  of  the  15  ppm  vanadium  diets  with 
viteunins  for  prevention 

In  this  study  only  one  vanadium  (15  ppm)  diet  was 
supplemented  with  vitamins  at  different  concentrations  to  form  8 
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experimental  diets.  In  Experiment  2,  it  was  observed  that  15  ppm 
of  vanadium  had  effects  on  L*  and  a*  components  of  color  to 
different  extents.  Based  on  the  results  of  the  previous  study, 
eggs  were  collected  on  the  8*^^,  9*^^  and  the  10*^^  days  to  allow 
enough  time  for  vanadium  to  exert  its  negative  effects  on 
eggshell  pigmentation.  Figure  4-12  shows  the  average  L*a*b* 
values  obtained  on  these  days  from  the  shells  of  eggs  from  hens 
fed  the  different  diets.  The  shorthand  used  in  the  legend  gives 
the  vanadium  level,  followed  by  the  concentration  and  the  name  of 
the  vitamin  that  has  been  added  to  basal  diet. 


♦no  vitamin 
A p-carotene 
• Vit  C 
■ Vit  E 


Vanadium  (ppm) 


Figure  4-11.  Change  in  a*  with  vanadium  concentration  for 

different  vitamin  supplementations.  Experiment 


2b 


Table  4-16  shows  the  average  L*a*b*  values  due  to  different 
diets  and  how  they  compare  to  those  obtained  from  eggs  of  hens  on 
the  basal  diet.  Feeding  15  ppm  vanadium  caused  significantly 
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□ 15_100each 

■ 0_NoVit 

□ 15_500E 

□ 15_100C 

□ 15_500BC 

□ 15_100E 

■ 15_300C 

□ 15_100BC 

■ 15  NoVit 


Figure  4-12.  Changes  in  the  color  of  eggshells  when  hens  are  fed 
various  diets.  Experiment  3 


lighter  and  less  red  eggshells  compared  to  the  control.  Vanadium 
diets  supplemented  with  100  ppm  Vitamin  C or  with  100  ppm  Vitamin 
C and  p-carotene,  and  100  lU  Vitamin  E,  or  with  500  ppm  p- 
carotene  or  with  500  ID  Vitamin  E did  not  result  in  L*  and 
a*values  significantly  different  from  control.  This  means  these 
supplementations  prevented  the  increase  in  lightness  and  the 
decrease  in  redness  observed  in  the  vanadium  group.  The  eggshells 
from  hens  fed  the  vanadium  diet  supplemented  with  300  ppm  Vitamin 
C were  lighter  than  control.  The  reason  for  this  was  because  the 
group  of  hens  that  were  randomly  allocated  to  this  diet  typically 
laid  eggs  with  lighter  shell  color  than  the  rest  of  the  hens 
before  the  onset  of  feeding  (data  not  shown) . Thus,  the  lighter 
shell  color  of  eggs  from  this  group  could  also  be  due  to  the 
inherent  differences  among  the  hens.  Feeding  300  ppm  Vitamin  C in 
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the  vanadium  diet  resulted  in  eggshells  with  a*  values  not 
significantly  different  from  control.  There  were  no  differences 
at  all  among  the  b*  values  of  the  9 groups  because  yellowness  of 
eggshells  was  not  affected  by  vanadium  at  15  ppm  level  (Tables  4- 
10,  4-11  and  4-12) 


Table  4-16.  Effects  of  vanadium  diets  supplemented  with  various 
vitamins  on  the  eggshell  color.  Experiment  3^ 


Diet 

L* 

a* 

b* 

0-  no  Vitamins  (basal) 

66.3 

27.6 

26.1 

15-100  p-carotene 

72.6* 

21.0* 

26.1 

15-100  Vit  C 

68.5 

24.3 

27.6 

15-100  Vit  E 

70.3* 

21.7* 

27.5 

15-100  each 

66.1 

26.5 

26.4 

15-300  VitC 

70.8* 

23.3 

28.1 

15-500  p-carotene 

68.8 

26.7 

27.1 

15-500  Vit  E 

67.4 

27.1 

28.0 

15-no  Vitamins 

72.6* 

17.9* 

28.0 

The  asterisk,  where  present,  indicates  difference  from  control 


at  an  experiment-wise  error  rate  of  0.05. 


Albumen  Quality  and  Foeuaing  Properties 
Experiment  1 

The  same  linear  mixed  model  used  for  color  data  was  fitted  to 
HU  data.  The  first  order  auto-regression  coefficient  was 
significant  (P  = 0.0178).  However,  as  evidenced  by  the  magnitude 
of  this  coefficient  (0.15),  HU  measurements  from  the  eggs  of  the 
same  chicken  in  two  consecutive  time  points  were  not  very 
strongly  correlated.  The  total  variance  was  calculated  as  114, 
half  of  this  being  the  variability  among  the  chickens,  and  the 
other  half  variability  from  egg  to  egg  from  the  same  chicken. 

The  fixed  effects  of  vanadium  and  days  as  well  as  their 
interaction  were  found  to  be  highly  significant,  with  P values  of 
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0.0002,  <0.0001,  and  <0.0001,  respectively.  Vanadium  by  shade 
interaction  was  also  significant  (P  =0.0084),  while  the 
interaction  of  shade  and  days  or  the  triple  interaction  of 
vanadium  by  shade  by  days  were  not.  The  significant  vanadium  by 
day  interaction  meant  that  the  effect  of  vanadium  depended  on 
days.  To  better  understand  this  effect,  HU  from  each  diet  group 
was  compared  with  the  other  groups  on  each  day.  Since  the 
vanadium  by  shade  by  day  interaction  was  not  significant,  results 
in  Table  4-17  belong  to  both  dark  and  light  shades  combined. 
Accordingly,  dietary  vanadium  lowered  the  albumen  quality  as 
determined  by  HU.  This  effect  became  significant  on  the  6'^*'  day, 
and  remained  so  until  the  end  of  Experiment  1.  Feeding  100  ppm 
vanadium  was  not  observed  to  be  any  more  detrimental  to  albumen 
quality  than  the  50  ppm  level.  The  least  squares  means  and  the 
corresponding  standard  errors  on  each  day  are  plotted  for  each 
diet  in  Figure  4-13. 


Table  4-17.  Change  in  the  HU  of  the  eggs  during  Experiment  1^ 


Diet 

Day  1 

Day  2 

Day  3 

Day  6 

Day  9 

Day  12 

Day  15 

Control 

76.6^ 

77.7® 

78.8® 

78.0® 

77.9® 

75.6® 

78.4® 

50  ppm  V 

76.8® 

79.8® 

74.8® 

70. 4^^ 

72 . 6®*" 

65.2*" 

69.8'’ 

100  ppm  V 

74.2® 

73.9® 

75.2® 

66.4^ 

68.1'" 

63.9'" 

66.6“" 

^ Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


Main  effects  of  vanadium  and  shade  on  foam  stability  and 
their  interaction,  as  well  as  the  interaction  between  shade  and 
days  were  not  significant  at  the  0.05  a-level.  The  main  effect  of 
days  was  significant  (P  < 0.0001)  and  so  was  its  interaction  with 
the  vanadium  effect  (P  = 0.0177)  . This  indicates  that  on  at  least 
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Figure  4-13.  Changes  in  HU  of  eggshells  over  time  with  different 
levels  of  V in  the  hens'  diets.  Experiment  1 (LS 
means!  SE) 


one  day,  there  are  differences  in  the  foam  stability  of  eggs  from 
hens  in  different  diet  groups.  This  effect  was  observed  after  the 
6*^*’  day.  Figure  4-14  shows  the  change  in  the  percent  foam 
stability  of  eggs  from  hens  on  different  diets.  From  the  9*'^  day 
on,  vanadium  fed  chickens  laid  eggs  that  had  consistently  lower 
foam  stabilities  than  those  of  the  control  group.  The  differences 
became  significant  from  the  12*^^  day  on,  as  evidenced  by 
significant  tests  of  vanadium  and  days  interaction  on  the  12*^^  (P 
= 0.0054)  and  the  15*^*’  (P  = 0.0256)  days. 

The  interaction  of  vanadium  with  days  was  significant  for  the 
50  and  100  ppm  vanadium  groups  (P  = 0.0002  and  P <0.00001, 
respectively)  whereas  it  was  not  for  the  control  group  (P 
=0.5459).  This  suggests  that  for  the  control  group,  the 
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fluctuations  in  foam  stability  values  shown  in  Figure  4-14  are 
not  significant  and  that  for  both  of  the  vanadium  groups,  there 
were  significant  differences  in  time. 
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• control 
■ 50  ppm  V 
▲ 100  ppm  V 


Days  of  Vanadium  feeding 


Figure  4-14.  Change  in  the  percent  foam  stability  of  eggs  from 
hens  fed  vanadium  diets,  Experiment  1 


Foam  capacity  appeared  to  be  higher  in  the  eggs  from  vanadium 
fed  hens  compared  to  the  control  group  (Figure  4-15) . On  each 
day,  except  for  the  last  day,  the  mean  foam  capacity  of  the  eggs 
from  the  hens  in  the  control  group  was  lowest  among  all  the 
diets.  However,  the  variability  in  the  data,  evidenced  by  the 
standard  error  bars  in  Figure  4-15,  was  so  high  that  none  of  the 
differences  were  significant.  Higher  foam  capacity  as  a result  of 
dietary  vanadium  is  expected  because  foam  capacity  and  foam 
stability  of  egg  albumen  has  been  shown  to  be  inversely  related 


to  each  other  (Kreuzer  and  others  1995)  . 
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Figure  4-15.  Change  in  the  percent  foam  capacity  of  eggs  from 
hens  fed  vanadium  diets.  Experiment  1 

Experiments  2a  and  2b 

Albumen  quality  as  measured  by  Haugh  units  declined  due  to 
vanadium  feeding  (Figure  4-16) . The  hens  fed  30  ppm  vanadium  had 
significantly  lower  egg  albumen  HU  from  control  on  the  9’^*’  day 
(Table  4-18) . In  Experiment  1,  where  higher  levels  of  vanadium 
were  used,  the  change  in  HU  was  significant  on  the  6*^^  day  and 
both  vanadium  levels  caused  significant  differences  from  control. 
In  Experiment  2a,  however,  the  15  ppm  vanadium  level  resulted  in 
HU  between  that  of  the  control  and  the  30  ppm  vanadium  groups, 
not  significantly  different  from  either.  Since  there  were  no 
differences  in  feed  intake,  it  can  be  suggested  that  a certain 
concentration  of  vanadium  between  15  and  30  ppm,  would  cause 
significant  decrease  in  albumen  quality.  Sell  and  others  (1982) 
reported  that  a significant  decline  in  HU  is  triggered  by 
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vanadium  at  levels  between  4-6  ppm,  and  further  decline  due  to 
higher  levels  of  vanadium  was  not  significant.  However,  this 
conclusion  was  based  on  HU  determinations  at  the  end  of  28  and  42 
days  of  vanadium  feeding,  periods  much  longer  than  the  duration 
of  this  study. 


Table  4-18.  Change  in  the  HU  of  the  eggs  during  Experiment  2a^ 


Source 

Day  3 

Day  6 

Day  9 

Control 

89.3^ 

88.3® 

87.1® 

15  ppm  V 

88.0^ 

84.4® 

83. 4®^’ 

3 0 ppm  V 

85.1^ 

82.0® 

76.9'= 

Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment -wise 
error  rate  of  0.05. 
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Figure  4-16.  Changes  in  HU  of  eggs  over  time  with  different 
levels  of  V in  the  hens'  diets.  Experiment  2a 
means!  SE) 


(LS 


In  the  second  part  of  the  Experiment  2,  the  main  effect  of 
vanadium  was  significant  (P  = 0.0012).  This  confirmed  the 
observation  in  Experiment  2a  that  the  effects  of  vanadium  had 
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been  established  before  the  onset  of  vitamin  supplementation.  The 
pattern  of  differences  between  the  means  of  the  vanadium  groups 
was  the  same:  30  ppm  vanadium  group  with  HU  significantly  lower 
than  those  of  control,  and  15  ppm  vanadium  group  with  HU  in 
between,  without  any  significant  differences  from  either  (Table 
4-19) . 


Table  4-19.  Change  in  the  HU  of  the  eggs  during  Experiment  2b^ 


Source 

Day  3 

Day  6 

Day  9 

Day  12 

Day  15 

Control 

87.3^ 

85.9® 

85.0® 

85.1® 

82.8® 

15  ppm  V 

83. 9®*’ 

81.7®*’ 

79.5®*= 

81.5®*’ 

77.5®*’ 

30  ppm  V 

80. 

78.7® 

77. 5*® 

75.9*= 

7 6.1*’ 

Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


At  the  levels  used,  none  of  the  vitamins  reversed  the  changes 
in  HU  caused  by  15  or  30  ppm  vanadium  (Table  4-20) . The 
interaction  of  vanadium  with  vitamins  was  not  significant. 

Vitamin  C has  been  already  tested  for  its  capability  of 
alleviating  the  effects  of  vanadium  on  HU  with  different  results. 
Benabdel jelil  and  Jensen  (1990)  reported  that  100  ppm  Vitamin  C 
reduced  the  detrimental  effects  of  10  ppm  vanadium  on  HU. 
Ousterhout  and  Berg  (1981)  observed  4000  and  5000  ppm  ascorbic 
acid  prevented  the  depression  of  albumen  quality  (HU)  by  40  ppm 
vanadium.  These  two  studies  supplemented  the  vitamin 
simultaneously  with  vanadium,  for  prevention.  Similar  to 
Experiment  2,  Toussant  and  Latshaw  (1994)  introduced  Vitamin  C 
after  the  development  of  vanadium  toxicosis,  as  a therapeutic 
agent.  They  found  that  up  to  3000  ppm  ascorbic  acid  had  no  effect 
on  the  HU  depressed  by  30  ppm  vanadium. 
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Table  4-20.  Comparison  of  the  least  squared  means  (HU)  of 


vanadium  by  vitamins  interaction  pooled  over  days. 
Experiment  2b^ 


Vitamin 

Vanadium  (ppm) 

0 

15 

30 

none  (control) 

90.5^ 

82.1® 

77.7® 

p-carotene 

84 . 4® 

75.4® 

80.1® 

C 

85.0^ 

87.5® 

78.1® 

E 

81.0® 

78.3® 

74.7® 

Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


In  a study  that  investigated  the  chemical  difference  between 
the  eggs  of  hens  fed  the  control  or  30  ppm  vanadium  diets 
(Toussant  and  Latshaw  1999) , the  following  findings  were 
reported:  Vanadium  fed  hens  laid  eggs  that  had  significantly 
lower  Haugh  units  than  the  eggs  of  control  birds . Crude  ovomucin 
concentration  in  the  thick  albumen  of  eggs  from  the  vanadium  fed 
hens  was  also  significantly  lower  than  control.  Feeding  vanadium 
did  not  cause  significant  differences  in  the  proportions  of 
ovomucin  subunits  or  in  carbohydrate  and  amino  acid  composition 
of  the  ovomucin.  It  was  concluded  that  composition  of  ovomucin 
from  the  thick  albumen  was  not  affected  by  vanadium  in  the  hens' 
diet.  The  authors  concluded  that  "the  total  amount  of  ovomucin 
appeared  to  be  a very  critical  component  in  maintaining  HU 
values"  (Toussant  and  Latshaw  1999) . 

As  was  the  case  in  Experiment  1,  foam  stability  of  the  egg 
whites  was  affected  negatively  with  vanadium  in  the  hens'  diet. 
Figure  4-17  shows  the  change  in  foam  stability  over  time  for  the 
three  diets  used  in  Experiment  2a.  On  each  day,  the  foam 
stability  of  the  egg  albumen  from  the  eggs  of  hens  on  the  control 
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diet  was  higher  than  those  from  the  hens  fed  vanadium  diets.  The 
differences  from  control  are  significant  for  the  30  ppm  level  on 
Days  6 and  9 (Table  4-21) . 


• control 
■ 15  ppm  V 
A 30  ppm  V 


Days  of  Vanadimn  feeding 


Figure  4-17.  Change  in  the  percent  foam  stability  of  eggs  from 
hens  on  vanadium  diets  , Experiment  2a 


Table  4-21.  Change  in  % foam  stability.  Experiment  2a 


Source 

Day  3 

Day  6 

Day  9 

Control 

63^ 

57  ^ 

62^ 

15  ppm  V 

59^ 

55^^ 

55^^^ 

30  ppm  V 

56^ 

47b 

CD 

^ Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


With  vitamins  added  to  the  diets  in  Experiment  2,  changes  in 
foam  stability  were  observed  in  some  groups.  The  hens  fed  Vitamin 
C showed  marked  differences  from  the  other  groups  receiving  the 
same  level  of  vanadium  but  different  vitamins.  The  results  in 
Table  4-22  show  the  interaction  of  vanadium  by  vitamins,  pooled 
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over  days  since  the  3-way  interaction  of  vanadium  by  vitamins  by 
days  was  not  found  to  be  significant. 


Table  4-22.  Comparison  of  the  least  squared  means  (FS)  of 


vanadium  by  vitamins  interaction  pooled  over  days, 
Experiment  2b^ 


Vitamin 

Vanadium  (ppm) 

0 

15 

30 

none  (control) 

70^ 

59ab 

48® 

(3-carotene 

62^ 

47® 

54® 

C 

63® 

65*^ 

“68^ 

E 

59® 

48® 

50® 

Least  squares  means  with  the  same  letter  in  a given  column  are 
not  significantly  different  from  each  other  at  an  experiment-wise 
error  rate  of  0.05. 


Foam  stability  (Figure  4-18)  of  egg  whites  from  the  Vitamin  C 
groups  within  a vanadium  group  were  the  highest  among  the  other 
vitamins.  Besides,  the  albumen  foam  stabilities  of  the  eggs  from 
hens  fed  Vitamin  C were  closer  to  the  foam  stability  of  the  eggs 
from  hens  that  were  fed  no  vanadium  (column  1 in  Table  4-22) . 

The  observation  that  foam  stability  but  not  albumen  quality 
as  measured  by  HU  benefited  from  the  supplementation  of  vanadium 
diets  with  Vitamin  C is  very  interesting.  Toussant  and  Latshaw 
(1994)  suggested  that  ascorbic  acid  supplementation  would  affect 
HU  and  foaming  properties  similarly,  and  that  the  two  could  serve 
as  dual  indicators  of  the  effectiveness  of  ascorbic  acid  in 
reversing  the  changes  in  albumen  quality  due  to  vanadium  in  the 
hens  diet.  When  foam  stability  and  HU  obtained  from  the  same  egg 
were  correlated  (total  number  of  such  pairs=209)  in  Experiment  1, 
it  was  observed  that  the  correlation  between  the  two  was  0.55.  It 
is  also  known  that  fresh  eggs  (high  HU)  make  more  stable  foams 
than  old  eggs  (Scholtyssek  and  Trziszka  1985) . Therefore,  the 
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effect  of  Vitamin  C on  the  vanadium  depleted  qualities  of  albumen 
should  be  further  investigated,  with  larger  sample  sizes  and 
fewer  dietary  treatments  in  the  experimental  design. 


♦ no  Vitamin 
A p-carotene 

• Vit  C 
■ Vit  E 


Vanadixom  (ppm) 


Figure  4-18.  Change  in  FS  with  vanadium  concentration  for 

different  vitamin  supplementations.  Experiment 


2b 


Experiment  3 

The  albumen  quality  of  the  eggs  from  hens  receiving  the  eight 
vanadium  diets  supplemented  with  different  vitamins  was  not 
significantly  different  from  control  (basal  diet) . This  also 
included  the  comparison  of  the  15  ppm  vanadium  with  no  vitamins 
to  the  control.  This  was  in  agreement  with  the  results  of 
Experiment  2,  where  15  ppm  vanadium  did  not  cause  significant 
differences  from  control  in  HU  (Tables  4-18  and  4-19)  . 

Conclusion 

It  was  shown  that  vanadium  affects,  in  a negative  manner,  the 
color  of  shells  of  eggs  from  commercial-type  brown  egg  layers.  It 
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increases  the  lightness  (L*)  and  decreases  the  redness  (a*)  of 
the  brown  eggshells.  The  yellowness  (b*)  is  not  affected.  The 
change  in  the  L*  value,  due  to  dietary  vanadium  at  levels  between 
15-100  ppm,  is  4-9  units.  The  a*  values  respond  to  dietary 
vanadium  (30-100  ppm  V)  with  decreases  as  high  as  10  units.  This 
decline  in  the  redness  of  brown  shells  is  considerably  greater 
than  that  observed  in  a 10-month  period  due  to  the  aging  of  the 
hen  (ca.5  units).  Whether  vanadium  is  involved  in  enzyme  or 
cofactor  inhibition  that  results  in  deposition  of  less  pigment  on 
the  shell  or  it  modifies  the  pigment  structurally  is  not  known. 
Further  research  to  clarify  the  mechanism  of  the  change  in  shell 
color  due  to  dietary  vanadium  is  needed. 

Both  the  lightness  and  the  redness  of  the  shells  benefit  from 
Vitamin  C supplemented  at  100  ppm  to  the  vanadium  diets  after 
vanadium  toxicosis  has  developed.  At  the  levels  used.  Vitamin  E 
and  p-carotene  did  not  result  in  obvious  improvements  in  L*  or  a* 
compared  to  the  control . When  added  to  the  diets  at  the  same  time 
with  15  ppm  vanadium,  100  ppm  Vitamin  C,  or  100  ppm  each  of 
Vitamin  C and  p-carotene,  with  100  lU  Vitamin  E,  or  500  ppm  p- 
carotene,  or  500  lU  Vitamin  E prevented  the  changes  in  eggshell 
color . 

The  decline  in  HU  with  dietary  vanadiiam  was  observed  to  be 
triggered  by  a concentration  between  15-30  ppm.  In  agreement  with 
data  published  in  the  literature,  100  ppm  vanadiiam  did  not  cause 
any  further  decline  in  the  albumen  quality  than  that  observed 
from  feeding  50  ppm  vanadium.  At  the  dietary  levels  used  in  this 
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study,  none  of  the  antioxidants  (Vitamins  C and  E,  (3-carotene) 
improved  albumen  quality  as  a therapeutic  agent.  The  vanadium 
level  used  in  the  prevention  study  (Experiment  3)  was  not  high 
enough  to  trigger  a decline  in  HU.  Therefore,  the  therapeutic 
effects  of  the  vitamins  on  HU  could  not  be  tested. 

Foam  stability  decreased  due  to  feeding  dietary  vanadium. 

This  effect  was  more  evident  by  the  12*^^  day  in  eggs  from  hens  fed 
the  higher  vanadium  level.  During  the  second  experiment  with 
lower  levels  of  vanadium,  however,  the  effect  of  30  ppm  vanadium 
on  foam  stability  became  significant  on  the  6*^^  day.  This 
discrepancy  might  be  due  to  the  hens  used  in  the  first  experiment 
being  older.  It  might  also  be  caused  by  the  differences  in 
temperature  the  eggs  were  at  during  the  period  from  lay  to 
collection.  Experiment  1 was  performed  in  July-August,  Experiment 
2 in  January-February . High  temperatures  accelerate  the  changes 
during  storage.  Upon  storage,  the  foam  stability  of  egg  albumen 
decreases  (Scholtyssek  and  Trziszka  1985) . Thus,  the  higher 
temperatures  during  Experiment  1,  even  though  of  short  duration 
storage,  might  have  masked  the  effect  of  vanadium  by  altering  the 
foam  stability  in  control  eggs. 

Foam  capacity  data  showed  a rather  high  inherent  variation 
that  masked  the  effect  of  vanadium.  Low  repeatability  of  foam 
capacity  has  also  been  reported  by  other  researchers  (Kreuzer  and 
others  1995) . 

When  the  vanadium  (15,  30  ppm)  diets  were  supplemented  with 
Vitamins  C or  E,  or  p-carotene,  it  was  observed  that  the  foam 


119 


stability  of  egg  whites  from  the  Vitamin  C groups  within  a 
vanadium  group  were  the  highest  among  the  other  vitamins . 

Besides,  the  foam  stabilities  of  the  egg  whites  from  eggs  laid  by 
hens  receiving  Vitamin  C were  closer  to  the  foam  stability  of  the 
eggs  from  hens  that  were  fed  no  vanadium.  This  observation 
deserves  more  attention.  The  possibility  of  alleviating  the 
effects  of  vanadium  by  any  supplement  is  important  for  those 
conditions  under  which  it  would  be  economical  to  use  poor  quality 
phosphate  sources  containing  high  levels  of  vanadium.  It  is 
common  for  poor  quality  feed-grade  phosphate  sources  to  enter  the 
animal  feed  ingredient  market  when  worldwide  phosphate  prices 
increase  (Miles,  personal  communication) . Further  investigations 
of  the  effect  of  Vitamin  C on  albumen  properties  depleted  by 
dietary  vanadium,  in  studies  with  larger  sample  sizes  and  fewer 
treatments  in  the  experimental  design,  are  recommended. 


CHAPTER  5 

GENERAL  CONCLUSIONS 

This  study  involved  the  quantification  of  color 
(pigmentation)  of  eggshells  from  commercial-type  brown  egg 
layers.  The  eggshell  serves  as  the  packaging  to  an  egg,  and  as 
such,  it  is  responsible  not  only  for  the  protection  of  the 
contents  but  also  for  consumer  appeal.  Color  of  the  shell  is  one 
of  the  quality  attributes  of  an  egg.  Eggshell  color  and 
uniformity  of  color  among  several  eggs  packaged  together  have  an 
important  role  in  the  acceptance  or  rejection  of  the  shell  eggs 
by  the  consumer  at  the  marketplace. 

One  of  the  objectives  of  this  study  was  to  measure  and 
quantify  the  changes  in  the  shell  color  of  brown  eggs  from 
commercial-type  hens  within  the  first  10  months  of  their  laying 
cycle.  It  was  observed  that,  as  the  hens  aged,  they  laid  eggs 
that  were  lighter  (less  pigmented)  and  less  red  in  color.  Time 
had  a significant  effect  on  the  L*  and  a*  values  of  the  eggshell, 
but  changes  in  the  b*  value  were  not  substantial.  The  shells  of 
the  eggs  laid  by  young  birds  during  the  first  month  of  the  study 
were  very  dark  in  color  compared  to  those  obtained  later  as  the 
hens  aged.  The  difference  between  the  first  month  and  the 
following  months  was  also  observed  for  egg  weight. 

The  L*a*b*  values  of  brown  eggshells  were  found  to  be 
correlated  to  a certain  extent.  The  correlation  of  the  redness 
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with  the  lightness  was  the  strongest  with  coefficients  ranging 
from  -0.75  to  -0.95. 

Good  prediction  of  the  L*a*b*  values  of  the  eggshells  in  the 
future  based  on  those  in  the  earlier  months  was  not  possible. 
However,  the  correlations  of  the  L*a*b*  values  in  the  last  month 
with  those  in  the  previous  months  suggested  that  the  hens  that 
laid  lighter  (less  pigmented)  eggs  early  in  lay,  would  lay  eggs 
with  lighter  color  in  the  future. 

The  L*a*b*  values  adjusted  for  the  increase  in  the  egg  size 
with  hens'  age,  were  found  to  be  practically  stable  in  time, 
providing  a quantitative  support  for  the  hypothesis  that  a 
similar  amount  of  pigment  was  distributed  on  a larger  area, 
resulting  in  paler  eggs  from  older  hens. 

The  main  objective  of  the  second  part  of  the  study  was  to 
investigate  the  effects  of  vanadium  supplemented  at 
concentrations  of  15,  30,  50  and  100  ppm  to  the  hens'  diet  on  the 
eggshell  color.  Vanadium  in  the  hens'  diet  affected  the  color  of 
eggshells  negatively.  Similar  to  the  changes  in  eggshell  color 
due  to  the  aging  hen,  an  increases  in  L*  and  a decrease  in  the  a* 
values  were  accompanied  by  subtle,  if  any,  changes  in  the  b* 
value.  The  decline  in  the  redness  of  brown  shells  due  to  dietary 
vanadiiam  (as  high  as  10  units  with  30-100  ppm  V)  was  observed  to 
be  greater  than  that  observed  in  a 10-month  period  due  to  the 
aging  of  the  hen  (ca.5  units).  Thus,  dietary  vanadium  caused  the 
hen  to  lay  eggs  with  less  redness  as  determined  visually  and 


instrumentally . 
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Whether  vanadium  is  involved  in  enzyme  or  cofactor  inhibition 
that  results  in  deposition  of  less  pigment  on  the  shell  or  it 
modifies  the  pigment  structurally  is  not  known.  Further  research 
to  clarify  the  mechanism  of  the  change  in  shell  color  due  to 
dietary  vanadium  is  needed. 

The  monitoring  of  the  changes  in  the  eggshell  color  revealed 
that  dietary  vanadium  or  the  hens'  age  had  significant  effects  on 
shell  color.  These  factors  should  be  taken  into  account  if  the 
enhancement  of  the  consumer  appeal  of  a carton  of  eggs  is  a 
concern.  Market  research  studies  that  will  clarify  if  the 
uniformity  or  the  depth  of  color  is  more  important  would  be 
useful  to  this  effect. 

Part  of  the  study  involved  the  testing  of  certain 
antioxidants  for  their  ability  to  alleviate  the  negative  effects 
of  dietary  vanadium  on  eggshell  color.  Both  the  lightness  and  the 
redness  of  the  shells  benefited  from  Vitamin  C supplemented  at 
100  ppm  to  the  vanadium  diets  after  vanadium  toxicosis  has 
developed.  Eggs  from  hens  fed  Vitamin  C in  addition  to  vanadium 
had  the  darkest  shells  with  the  most  redness  compared  to  the  eggs 
from  hens  fed  other  or  no  antioxidants  and  the  same  concentration 
of  vanadium.  At  the  levels  used.  Vitamin  E and  p-carotene  did  not 
result  in  improvements  in  L*  or  a*  compared  to  the  control. 
Vitamin  C is  water-soluble  whereas  Vitamin  E and  p-carotene  are 
lipid-soluble.  Solubility  in  water  might  be  one  of  the  reasons 
that  would  explain  why  Vitamin  C but  not  Vitamin  E or  p-carotene 


overcomes  the  detrimental  effects  of  vanadium.  When  added  to  the 
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diets  at  the  same  time  with  15  ppm  vanadium,  the  following 
supplements  prevented  the  changes  in  eggshell  color:  100  ppm 
Vitamin  C;  or  a mixture  of  100  ppm  each  of  Vitamin  C and  13- 
carotene  with  100  lU  Vitamin  E;  or  500  ppm  (3-carotene;  or  500  lU 
Vitamin  E. 

Effects  of  vanadium  on  the  albumen  quality  were  also  studied. 
The  decline  in  HU  caused  by  vanadium  was  observed  to  be  resulting 
from  a dietary  concentration  between  15  and  30  ppm.  Reduced 
motility  and  atrophy  of  the  magnum  where  albumen  is  deposited  on 
the  yolk  are  suggested  mechanisms  of  albiamen  height  deterioration 
due  to  dietary  vanadium  (Eyal  and  Moran  1984) . At  the  levels 
used,  none  of  the  antioxidants  (Vitamins  C and  E,  (3-carotene) 
improved  quality  of  albumens  from  eggs  of  hens  fed  15  or  30  ppm 
vanadium. 

Another  objective  of  this  study  was  to  determine  if  vanadium 
in  the  hens'  diet  would  alter  the  functionality  of  the  egg 
albumen.  It  was  shown  that  foam  stability  of  the  egg  whites 
decreased  due  to  dietary  vanadium.  Supplementation  of  the 
vanadium  (15,  30  ppm)  diets  with  Vitamin  C resulted  in  eggs  with 
foams  significantly  more  stable  than  foams  of  eggs  from  other 
hens  in  the  same  vanadium  but  different  vitamin  group.  The  foam 
stabilities  of  the  egg  albiamens  from  Vitamin  C fed  hens  were 
comparable  to  the  foam  stabilities  of  the  egg  albumens  from  hens 
that  were  fed  no  vanadium.  Further  investigations  of  the  effect 
of  Vitamin  C on  functional  properties  of  egg  albumen  depleted  by 
dietary  vanadium  are  recommended. 
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These  findings,  suggesting  the  alleviating  effects  of  Vitamin 
C on  the  detrimental  effects  of  vanadium  on  eggshell  color  and 
foaming  properties  are  important.  This  vitamin  might  be  used  in 
those  conditions  under  which  it  would  be  economical  to  use  poor 
quality  phosphate  sources  containing  high  levels  of  vanadium. 


APPENDIX 

LOCATION  OF  THE  IMAGES  USED  FOR  COLOR  ANALYSIS 

The  images  of  eggs  used  in  the  analysis  of  eggshell  color 
throughout  this  study  can  be  obtained  from  Dr.  Murat  Balaban.  The 
images  are  in  bitmap  (.bmp)  format.  The  following  table 
identifies  their  locations. 


Effect  of  hens'  age  on 

eggshell  color 

November 

CD  1 

January 

CD  1 

February 

CD  1, 

2 

March 

CD  2 

April 

CD  2 

May 

CD  2, 

3 

June 

CD  3 

July 

CD  3 

August 

CD  3, 

4 

Effect  of  dietary  vanadixim 

on  eggshell  color 

First  V 

feeding  (Experiment  1) 

CD  4, 

5 

Second  V 

feeding  (Experiment  2a) 

CD  6 

Second  V 

feeding  (Experiment  2b) 

CD  6 

Third  V 

feeding  (Experiment  3) 

CD  6 

125 


LIST  OF  REFERENCES 


Ahn  DU,  Kim  SM,  Shu  H.  1997.  Effect  of  egg  size  and  strain  and 
age  of  hens  on  the  solids  content  of  chicken  eggs.  Poultry 
Science.  76:914-919. 

American  Egg  Board.  2003.  Egg  industry  fact  sheet. 
http://www.aeb.org.  6/23/2003. 

Ammerman  CB,  Miller  SM,  Fick  KR,  Hansard  HSL.  1977.  Contaminating 
elements  in  mineral  supplements  and  their  potential  toxicity: 
A review.  Journal  of  Animal  Science  vol.  44,  no.  3:  485-508. 

Anonymous  1994.  Dutch  poultry  farming:  set  to  export  eggs  and 
meat.  World  Poultry-Misset . 10  (10) : 19-20,  23. 

Austic  RE.  1977.  Role  of  the  shell  gland  in  determination  of 
albumen  quality.  Poultry  Science.  56:202-210. 

Bakken  GS,  Vanderbilt  VC,  Buttemer  WA,  Dawson  WR.  1978.  Avian 
eggs:  Thermoregulatory  value  of  very  high  near  infrared 
reflectance.  Science,  New  Series.  200(4339):  321-323. 

Barceloux,  DG.  1999.  Vanadium.  Journal  of  Toxicology:  Clinical 
Toxicology.  37(2):  265. 

Benabdel jelil  K, Jensen  LS.  1990.  Effectiveness  of  ascorbic  acid 

and  chromium  in  counteracting  the  negative  effects  of  dietary 
vanadium  on  interior  egg  quality.  Poultry  Science  69:  781-86. 

Berg  LR.  1963.  Evidence  of  vanadium  toxicity  resulting  from  the 
use  of  certain  commercial  phosphorus  supplements  in  chick 
rations.  Poultry  Science  42:  766-69. 

Berns  RS . 2000.  Principles  of  Color  Technology.  3rd  ed.  New  York: 
John  Wiley  & Sons,  Inc. 

Bressman  BR,  Miles  RD,  Comer  CW,  Wilson  HR.,  Butcher  GD.  2002. 
Effect  of  dietary  supplementation  of  vanadium  in  commercial 
egg-type  laying  hens.  Journal  of  Applied  Poultry  Research. 
11:46-53. 

Brooks  J,  Hale  HP.  1961.  The  mechanical  properties  of  the  thick 
white  of  the  hen's  egg.  Biochimica  et  Biophysica  Acta. 
46:289-301. 


126 


127 


Butcher  GD,  Miles  RD.  1995.  Factors  causing  poor  pigmentation  of 
brown-shelled  eggs  Fact  Sheet  VM-94.  College  of  Veterinary- 
Medicine,  Florida  Cooperative  Extension  Service,  Institute  of 
Food  and  Agricultural  Sciences,  University  of  Florida. 

Butcher  GD,  Miles  RD.  1991.  Concepts  of  eggshell  quality.  Fact 
Sheet  VM-69.  College  of  Veterinary  Medicine,  Florida 
Cooperative  Extension  Service,  Institute  of  Food  and 
Agricultural  Sciences,  University  of  Florida. 

Carter  TC.  1975.  The  hen's  egg:  Relationships  of  seven 

characteristics  of  the  strain  of  the  hen  to  the  incidence  of 
cracks  and  other  shell  defects.  British  Poultry  Science. 
16:289-296. 

Chan  JP,  Batchelor  BG.  1993.  Machine  vision  for  the  food 

industry.  In.  Food  Process  Monitoring  Systems.  Pinder  AG, 
Godfrey  G,  editors.  London:  Blackie  Academic  & Professional, 
p 58-101. 

Chang  YI,  Chen  TC.  2000.  Functional  and  gel  characteristics  of 
liquid  whole  egg  as  affected  by  pH  alteration.  Journal  of 
Food  Engineering.  45:  237-41. 

Choudhury  AK.  2000.  Modern  concepts  of  color  and  appearance. 
Enfield,  New  Hampshire:  Science  Publishers,  Inc. 

Clydesdale  FM.  1998.  Color:  origin  , stability,  measurement,  and 
quality.  In.  Food  Storage  Stability.  Taub  lA,  Singh  RP, 
editors.  Boca  Raton,  FL:  CRC  Press,  p 175-190. 

Clydesdale  FM.  1978.  Colorimetry-  methodology  and  applications. 
Critical  Reviews  in  Food  Science  and  Nutrition.  10:  243-303. 

Cook  JKA.  1986.  Pale  shelled  eggs  can  be  caused  by  IB  virus. 
Poultry  Misset.  June:  38-39. 

Cotterill  OJ,  Winter  AR.  1955.  Egg  white  lysozyme.  3.  The  effect 
of  pH  on  the  lysozyme-ovomucin  interaction.  Poultry  Science. 
34:  679-686. 

Crans  DC.  1995.  Interaction  of  vanadates  with  biological  ligands. 
In:  Metal  Ions  in  Biological  Systems,  volume  31.  Vanadium  and 
Its  Role  in  Life.  Sigel  H and  Sigel  A(eds).  Marcel  Dekker, 
Inc.  NY 

Crans  DC,  Tracey  AS.  1998.  The  chemistry  of  vanadium  in  aqueous 
and  nonaqueous  solution.  In:  Vanadium  Compounds:  Chemistry, 
Biochemistry  and  Therapeutic  applications.  Tracey  AS,  Crans 
DC (editors)  Washington,  DC:  ACS  Symposium  Series,  American 
Chemical  Society. 


128 


Cunningham  FE,  Cotterill  OJ,  Funk,  EM.  1960.  The  effect  of  season 
and  age  of  bird.  1.  On  egg  size,  quality  and  yield.  Poultry 
Sc.  39:289-299. 

Doi  E,  Kitabatake  N.  1997.  Structure  and  Functionality  of  Egg 

Proteins.  In:  Food  Proteins  and  Their  Applications.  Damodaran 
S,  Paraf  A (eds) . Marcel  Dekker,  Inc.  NY. 

Donovan  JW,  Davis  JG,  Wiele  MB.  1972.  Viscosimetric  studies  of 

alkaline  degradation  of  ovomucin.  Journal  of  Agricultural  and 
Food  Chemistry.  20  (2)  : 223-228 . 

Eyal  A,  Moran  JR.  1984.  Egg  changes  associated  with  reduced 

interior  quality  because  of  dietary  vanadium  toxicity  in  the 
hen.  Poultry  Science  63:  1378-85. 

FAO.  2003.  Agricultural  statistics,  http://www.fao.org. 

6/24/2003. 

Fortner  B,  Meyer  TE.  1997.  Number  by  Colors.  New  York  : Springer- 
Verlag. 

Francis  FJ,  Clydesdale  FM.  1975.  Food  Colorimetry:  Theory  and 
Applications.  Westport,  CT:  AVI  Publishing. 

Gunasekaran  S.  1996.  Computer  vision  technology  for  food  quality 
assurance.  Trends  in  Food  Science  and  Technology.  7(8):245- 
256. 

Hathcock  JN,  Hill  CH,  Matrone  G.  1964.  Vanadium  toxicity  and 
distribution  in  chicks  and  rats.  Journal  of  Nutrition. 
82:106-110. 

Hayakawa  S,  Kondo  H,  Nakamura  R,  Sato  Y.  1983.  Effect  of  (3- 
ovomucin  on  the  solubility  of  a-ovomucin  and  further 
inspection  of  the  structure  of  ovomucin  complex  in  thick  egg 
white.  Agricultural  and  Biological  Chemistry.  47 (4) : 825-820. 

Henry  PR,  Miles  RD.  2001.  Heavy  metals-vanadium  in  poultry. 

Ciencia  Animal  Brasileira.  2(1): 11-26. 

Hussein  SM,  Harms  RH,  Janky  DM.  1993.  Effect  of  age  on  the  yolk 
to  albumen  ratio  in  chicken  eggs.  Poultry  Sc:  72:594-597. 

Hutchings  JB.  1999.  Food  Color  and  Appearance.  2nd  ed. 
Gaithersburg,  MD  : Aspen  Publishers. 

Hutt  FB.  1949.  Genetics  of  the  Fowl.  New  York:  McGraw-Hill  Book 
Company,  Inc.  p 387. 


129 


Hy-Line  International.  2002.  Hy-Line  variety  brown-  Commercial 
management  guide  2002-2004.  Hy-Line  International,  West  Des 
Moines,  Iowa. 

lEC.  2001.  Country  Reports.  International  Egg  Council. 

http: //WWW. internationalegg.com/html/reports/report64/ 
6/26/2003. 

Izat  AL,  Gardner  FA,  Mellor  DB.  1986.  The  effects  of  age  of  bird 
and  season  of  the  year  on  egg  quality.  II.  Haugh  units  and 
compositional  attributes.  Poultry  Sc.  65:728-728. 

Jacob  JP,  Miles  RD,  Mather  FB.  1998a.  Egg  quality.  Gainesville, 
FL:  Florida  Cooperative  Extension  Service,  Institute  of  Food 
and  Agricultural  Services,  University  of  Florida.  Fact  Sheet 
PS-24.  13p. 

Jacob  JP,  Wilson  HR,  Miles  RD,  Butcher  GD,  Mather  FB.  1998b. 

Factors  affecting  egg  production  in  backyard  chicken  flocks. 
Fact  Sheet  PS35.  Dairy  and  Poultry  Sciences  Department, 
Florida  Cooperative  Extension  Service,  Institute  of  Food  and 
agricultural  Sciences,  University  of  Florida. 

Johnson  TM,  Zabik  ME.  1981.  Egg  albumen  proteins  in  an  angel  food 
cake  system.  Journal  of  Food  Science.  46:1231-1236. 

Kato  A,  Ogata  S,  Matsudomi  N,  Kobayashi  K.  1981.  A comparative 
study  of  aggregated  and  disaggregated  ovomucin  during  egg 
white  thinning.  Journal  of  Agricultural  and  Food  Chemistry. 
29:821-823. 

Kato  A,  Ogino  K,  Kuramoto  Y,  Kobayashi  K.  1979.  Degradation  of 
the  o-glycosidically  linked  carbohydrate  units  of  ovomucin 
during  egg  white  thinning.  Journal  of  Food  Science.  44:1341- 
1344. 

Kennedy  GY,  Vevers  HG.  1973.  Eggshell  pigments  of  the  Araucano 
fowl.  Comparative  biochemistry  and  physiology.  44B: 11-25. 

Kostyla  AS,  Clydesdale  FM.  1978.  The  psychophysical  relationships 
between  color  and  flavor.  CRC  Critical  Reviews  in  Food 
Science  and  Nutrition.  10:303-321. 

Kreuzer  M,  Jaenecke  D,  Flock  DK.  1995.  Variability  of  processing 
properties  of  albumen  and  yolk  between  and  within  pure  lines 
of  brown-egg  layers.  Archiv  fur  Gef lugelkunde . 59(l):82-88. 

Lang  MR,  Wells  JW.  1987.  A review  of  eggshell  pigmentation. 
World's  Poultry  Sc.  J.  43  (3):  238-246. 


130 


Li-Chan  ECY,  Powrie  WD,  Nakai  S.  1995.  The  chemistry  of  eggs  and 
egg  products.  In:  Stadelman  WJ,  Cotterill  OJ,  editors.  Egg 
Science  and  Technology.  4th  edition.  Binghampton,  NY:  The 
Haworth  Press,  Inc.  p 105-177. 

Lima  FR,  Mendonga  CX,  Alvarez  JC,  Ratti  G,  Lenharo  SLR,  Kahn  H., 
Garzillo  JMF.  1995.  Chemical  and  physical  evaluations  of 
commercial  dicalcium  phosphates  as  sources  of  phosphorus  in 
animal  nutrition.  Poultry  Science  74:1659-1670. 

Ling  PP,  Ruzhitsky  VN,  Kapanidis  AN,  Lee  TC.  1996.  Correlation 
between  color  machine  vision  and  colorimeter  for  food 
applications.  In.  Chemical  markers  for  processed  and  stored 
foods.  Lee  TC,  Kim  HJ,  editors.  Washiington,  D.C. : American 
Chemical  Society. 

Littell  RC,  Henry  PR,  Ammerman  CB.  1998.  Statistical  analysis  of 
repeated  measures  data  using  SAS  procedures.  Journal  of 
Animal  Science.  76(4):  1216-1231. 

Luzuriaga  DA.  1999.  Application  of  computer  vision  and  electronic 
nose  technologies  for  quality  assessment  of  color  and  odor  of 
shrimp  and  salmon.  Ph.D.  Dissertation.  University  of  Florida, 
Gainesville,  FL. 

Luzuriaga  DA,  Balaban  MO,  Yeralan  S.  1997.  Analysis  of  visual 

quality  attributes  of  white  shrimp  by  machine  vision.  Journal 
of  Food  Science.  62  (1) : 113-118,  130. 

Luzuriaga  DA.  1995.  Development  and  testing  of  an  automated 

quality  evaluation  device  for  shrimp.  M.S.  Thesis.  University 
of  Florida.  Gainesville,  FL. 

MacDonnell  LR,  Feeney  RE,  Hanson  HL,  Campbell  A,  Sugihara  TF. 

1955.  The  functional  properties  of  egg  white  proteins.  Food 
Technology.  9(2):49-53. 

Miller  SM,  Kato  A,  Nakai  S.  1982.  Sedimentation  equilibrium  study 
of  the  interaction  between  egg  white  lysozyme  and  ovomucin. 
Journal  of  Agricultural  and  Food  Chemistry.  30:1127-1132. 

Mine  Y.  1995.  Recent  advances  in  the  understanding  of  egg  white 

protein  functionality.  Trends  in  Food  Science  and  Technology. 
6(7) :225-232. 

National  Research  Council,  1994.  Nutrient  Requirements  of 

Poultry.  9*^*’  edition.  National  Academy  Press.  Washington, 

D.C. 

Nielsen  FH.  1987.  Vanadium.  In:  Trace  Elements  in  Human  and 
Animal  Nutrition-  Fifth  Edition  Volume  1.  Mertz  W (ed.) 
Academic  Press,  Inc.  San  Diego,  CA. 


131 


Okubo  T,  Akachi  S,  Hatta  H.  1997.  Structure  of  hen  eggs  and 

physiology  of  egg  laying.  In:  Yamamoto  T,  Juneja  LR,  Hatta  H 
Kim  M,  editors.  Hen  Eggs:  Their  Basic  and  Applied  Science. 
Boca  Raton,  FL:  CRC  Press,  Inc.  p 1-12. 

Orvig  C,  Thompson  KH,  Battell  M,  McNeill  JH.  1995.  Vanadium 

compounds  as  insulin  mimics.  In:  Metal  Ions  in  Biological 
Systems,  volume  31.  Vanadium  and  Its  Role  in  Life.  Sigel  H 
and  Sigel  A(eds).  Marcel  Dekker,  Inc.  NY 

Ousterhout  LE,  Berg  LR.  1981.  Effects  of  diet  composition  on 

vanadium  toxicity  in  laying  hens.  Poultry  Science.  60:1152- 
1159. 

Overfield  ND.  1996.  What  is  meant  by  egg  quality?  World  Poultry- 
Misset.  12  (6) :48-53. 

Panigrahi  S,  Gunasekaran  S.  2001.  Computer  Vision.  In. 

Nondestructive  Food  Evaluation,  Techniques  to  Analyze 
Properties  and  Quality.  Gunasekaran  S,  editor.  New  York: 
Marcel  Dekker,  Inc.p  39-97. 

Phillips  LG,  Whitehead  DM,  Kinsella  J.  1994.  Structure  Function 
Properties  of  Food  Proteins,  p 131-140.  San  Diego,  CA: 
Academic  Press  Inc. 

Robinson  DS.  1987.  The  chemical  basis  of  albumen  quality.  In. 

Well  RG,  Belyavin  CG,  editors.  Egg  Quality-  Current  Problems 
and  Recent  Advances  (Poultry  Symposium  Series  no. 20).  London 
Butterworth  & Co.  Ltd.  p 179-191. 

Roland  DA,  Sloan  DR,  Harms  RH.  1975.  The  ability  of  hens  to 

maintain  calcium  deposition  in  the  egg  shell  and  egg  yolk  as 
the  hen  ages.  Poultry  Science  54:1720-1723. 

Romoser  GL,  Dudley  WA,  Machlin  LJ,  Loveless  L.  1961.  Toxicity  of 
vanadium  and  chromium  for  the  growing  chick.  Poultry  Science 
40,  no.  5:  1171-73. 

Romoser  GL,  Loveless  L,  Machlin  LJ,  Gordon  RS.  1960.  Toxicity  of 
vanadium  and  chromium  for  the  growing  chicken.  Poultry 
Science.  39:1288. 

Rossi  M,  Pompei  C.  1995.  Changes  in  some  egg  components  and 
analytical  values  due  to  hen  age.  Poultry  Sc.  74:152-160. 

Scholtyssek  S,  Trziszka  T.  1985.  Remarks  on  measurements  of  the 
egg  quality.  Archiv  fiir  Gef liigelkunde . 6:235  (Abstract). 

Sell  JL,  Davis  CY,  Scheideler  SE.  1986.  Influence  of  cottonseed 
meal  on  vanadiiam  toxicity  and  ‘*®Vanadium  distribution  in  body 
tissues  of  laying  hens.  Poultry  Science  65:138-146. 


132 


Sell  JL,  Arthur  JA,  Williams  IL.  1982.  Adverse  effect  of  dietary- 
vanadium,  contributed  by  dicalcium  phosphate,  on  albumen 
quality.  Poultry  Science.  61:  2112-2116. 

Silversides  FG.  1994.  The  Haugh  unit  correction  for  egg  weight  is 
not  adequate  for  comparing  eggs  from  chickens  of  different 
lines  and  ages.  J.  Appl . Poultry  Res.  3:120-126. 

Silversides  FG,  Scott  TA.  2001.  Effect  of  storage  and  layer  age 
on  quality  of  eggs  from  two  lines  of  hens.  Poultry  Sc. 
80:1240-1245. 

Solomon  SE.1997.  Egg  and  eggshell  quality.  Ames:  Iowa  State 
University  Press,  p 11-33. 

Solomon  SE.  1992.  A question  of  color.  Shaver  Focus.  21(2) :2-3. 

Solomon  SE.  1987.  Egg  shell  pigmentation.  In.  Well  RG,  Belyavin 
CG,  editors.  Egg  Quality-  Current  Problems  and  Recent 
Advances  (Poultry  Symposium  Series  no. 20).  London: 

Butterworth  & Co.  Ltd.  p 147-157. 

Stadelman  WJ.  1995.  Quality  identification  of  shell  eggs.  In: 
Stadelman  WJ,  Cotterill  OJ,  editors.  Egg  Science  and 
Technology.  4th  edition.  Binghampton,  NY:  The  Haworth  Press, 
Inc.  p 39-79. 

Sugino  H,  Nitoda  T,  Juneja  LR.1997.  General  chemical  composition 
of  hen  eggs.  In:  Yamamoto  T,  Juneja  LR,  Hatta  H,  Kim  M, 
editors.  Hen  Eggs:  Their  Basic  and  Applied  Science.  Boca 
Raton,  FL:  CRC  Press,  Inc.  p 13-24. 

Sullivan  TW,  Douglas  JH,  Gonzalez  NJ.  1994.  Levels  of  various 
elements  of  concern  in  feed  phosphates  of  domestic  and 
foreign  origin.  Poultry  Science.  73:  520-528. 

Sutly  JP,  Miles  RD,  Comer  CW,  Balaban  MO.  2001.  The  influence  of 
vanadium  on  pigmentation  of  brown-shelled  eggs.  Poultry 
Science  80,  no.  7:  1039. 

Toussant  MJ,  Latshaw  JD.  1999.  Ovomucin  content  and  composition 
in  chicken  eggs  with  different  interior  quality.  Journal  of 
the  Food  Science  and  Agriculture.  79:  1666-1670. 

Toussant  MJ,  Swayne  DE,  Latshaw  JD.  1995.  Morphological 

characteristics  of  oviducts  from  hens  producing  eggs  of 
different  Haugh  units  caused  by  genetics  and  by  feeding 
vanadivim  as  determined  with  computer  software-integrated 
digitizing  technology.  Poutry  Science  74:1671-1676. 


133 


Toussant  ML,  Latshaw  JD.  1994.  Evidence  of  multiple  metabolic 
routes  in  vanadium's  effects  on  layers.  Ascorbic  acid 
differential  effects  on  prepeak  egg  production  parameters 
following  prolonged  vanadium  feeding.  Poultry  Science  73: 
1572-80. 

USDA.  2000.  Egg  Grading  Manual.  Agricultural  Handbook 

no . 75 .Washington,  D.C.:  U.S.  Government  Printing  Office. 

Vadehra  DV,  Nath  KR.  1973.  Egg  as  a source  of  protein.  Critical 
Reviews  in  Food  Technology.  4:193-309. 

Yang  SC,  Baldwin  RE.  1995.  Functional  Properties  of  eggs  in 

foods.  In:  Stadelman  WJ,  Cotterill  OJ,  editors.  Egg  Science 
and  Technology.  4th  edition.  Binghampton,  NY:  The  Haworth 
Press,  Inc.  p 418-434. 


BIOGRAPHICAL  SKETCH 


Asli  Zeynep  Odaba§i  was  born  in  1974,  in  Ankara,  Turkey.  In 
1991,  she  scored  in  the  98'^*'  percentile  among  approximately  one 
million  participants  in  the  nationwide  college  entrance 
examination.  This  got  her  into  the  Middle  East  Technical 
University,  one  of  the  finest  in  Turkey.  In  1995,  she  earned  a 
Bachelor  of  Science  degree  in  Food  Engineering,  with  high  honors, 
ranking  first  in  her  class.  Shortly  after  graduation,  she  won  a 
Fulbright  scholarship  to  study  toward  a Master  of  Science  degree 
in  the  states.  In  1996,  she  started  attending  UF.  Working  under 
the  supervision  of  Dr.  Murat  Balaban,  she  received  her  master's 
degree  in  Food  Science  with  a grade  point  average  of  4.0.  In 
1999,  she  started  working  toward  a PhD.  degree  in  the  same 
department,  again  under  the  supervision  of  Dr.  Balaban.  Asli 
expects  to  receive  a Ph.D.  in  Food  Science  in  2003. 


134 


I certify  that  I have  read  this  study  and  that  in  my  opinion 
it  conforms  to  acceptable  standards  of  scholarly  presentation  and 
is  fully  adequate,  in  scope  and  quality,  as  a dissertation  for 
the  degree  of  Doctor  of  Philosophy. 


Murar  0 . ^^BSTTSSanT^ Dhair 


Professor  of  Food  Science  and 
Human  Nutrition 


I certify  that  I have  read  this  study  and  that  in  my  opinion 
it  conforms  to  acceptable  standards  of  scholarly  presentation  and 
is  fully  adequate,  in  scope  and  quality,  as  a dis^rtation  for 
the  degree  of  Doctor  of  Philosophy 


Richard  D.  Miles 

Professor  of  Animal  Sciences 


I certify  that  I have  read  this  study  and  that  in  my  opinion 
it  conforms  to  acceptable  standards  of  scholarly  presentation  and 
is  fully  adequate,  in  scope  and  quality,  as 
the  degree  of  Doctor  of  Philosophy. 


a dissertation  for 


Kenneth  M.  Portier 
Associate  Professor  of 
Statistics 


I certify  that  I have  read  this  study  and  that  in  my  opinion 
it  conforms  to  acceptable  standards  of  scholarly  presentation  and 
is  fully  adequate,  in  scope  and  quality,  as  a dissertation  for 
the  degree  of  Doctor  of  Philosophy. 


Chan.es  A.  Sims 
Professor  of  Food  Science  and 
Human  Nutrition 


This  dissertation  was  submitted  to  the  Graduate  Faculty  of 
the  College  of  Agricultural  and  Life  Sciences  and  to  the  Graduate 
School  and  was  accepted  as  partial  fulfillment  of  the 
requirements  for  the  degree  of  Doctor  nf  Phi  1 nsnphy . 


December  2003 


A 


Dean,  College  of  Agricu^Ltu 
and  Life  Sciences 


Dean,  Graduate  School 


